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THEME  AND  OBJECTIVES 


Radar  is  Mill  the  most  important  sensor  in  military  aircraft.  A  number  of  important  features  make  radar  superior  to 
optical  systems  and  other  sensors. 

—  long  range  performance. 

—  penetration  of  weather  (fog.  clouds). 

—  range  and  Doppler  estimation. 

—  flexibility  due  10  electronic  beam  steering. 

—  various  signal  processing  routines, 

—  high  resolution  imaging  (SAR). 

Different  tasks  such  as  target  search,  tracking,  and  missile  guidance  can  be  fulfilled  by  radar.  In  a  military  aircraft, 
additional  tasks  such  as  terrain  following  and  avoidance,  mapping,  Doppler  navigation,  and  SAR  imaging  may  be  required. 
Since  most  of  the  output  data  is  combined  in  a  single  on-hoard  computer,  the  question  of  which  radar  functions  should  be 
integrated,  and  at  what  level,  arises.  Reducing  size,  weight,  cost,  and  power  consumption  are  particular  goals  for 
commonality  in  airborne  radar  systems. 

However,  integration  of  several  radar  tasks  in  one  system  may  cause  problems  for  the  achievement  of  reliable  overall 
performance.  Centralized  systems  may  he  more  efficient  because  of  the  integration  of  different  functions  at  the  same  radar 
level,  but  they  may  be  subject  to  catastrophic  failure  if  proper  attention  is  not  given  to  design  for  fault  tolerance  and  overall 
system  reliability.  Careful  attention  must  also  be  given  to  mode  timeliness  and  duty  cycles  in  order  that  all  functions  can  be 
accomplished  within  the  operating  speed  and  capacity  of  the  integrated  system. 

In  the  past  decade,  a  number  of  new  technologies  have  arisen  and  will  have  decisive  influence  on  tomorrow's  radar 
concepts.  VLSI  and  VHSIC'  will  open  new  dimensions  of  digital  signal  processing.  New  analogue  techniques  such  as  SAW 
dev  ices  and  optical  methods  promise  new  ways  of  analogue  signal  processing.  Systolic  processor  structures  can  reduce 
operation  time.  On  the  other  hand,  new  antenna  concepts  (in  particular  active  and  conformal  arrays)  and  algorithms  offer 
new  dimensions  in  the  performance  of  airborne  radar  such  as  Jhl)  degree  coverage,  jammer  and  clutter  resistance,  high 
resolution,  target  tracking  and  multi-purpose  operation. 

The  purpose  of  this  symposium  was  to  bring  together  specialists  in  the  various  fields  in  order  to  present  the  state-of-the- 
art  in  the  individual  topics.  The  development  of  new  concepts  for  the  design  of  future  airborne  radar  systems  was 
emphasized  rather  than  the  description  of  existing  sy  stems. 


Le  radar  cst  toujours  le  senseur  primordial  dans  les  avions  militaircs.  Un  certain  nomhre  dc  caraeteristiques 
importantes  donne  au  radar  la  superiorite  sur  les  syxtemes  optiques  et  les  auircs  senseurs.  Parmi  ees  caraeteristiques.  eitons: 

—  la  longue  portcc. 

—  la  penetration  par  mauvaises  conditions  meteorologiques  (brouillard.  nuages). 

—  ('estimation  do  distance  et  ('estimation  Doppler, 

—  la  souplesse  due  a  1‘orieniation  elect  ronique  des  faisccaux. 

—  Ics  divers  programmes  dc  traitement  dc  signaux. 

—  Timagerie  a  haul  pouvojr  separatcur  (SAR:  radar  a  ouverture  synthetique). 

Differentes  laches  idles  quo  recherche  ct  poursuite  de  ciblcs  ct  guidage  dc  missiles,  peuvent  etre  effect  uees  par  radar. 
Dans  un  avion  militaire.  des  caches  additionnclles  peuvent  etre  requiscs:  par  oxemple.  suivi  de  terrain  el  evitemeni  d'obstacle, 
carlographie.  navigation  Doppler  el  imagerie  SAR.  La  plupart  des  donnecs  de  sorties  etani  combinees  dans  un  soul 
ealculateur  de  bord.  la  question  qui  se  pose  cst  la  suivanle:  quelles  fonctions  du  radar  doivent  etre  integrees  et  a  quel  niveau? 
La  deduction  des  dimensions,  du  poids, du cout  et  dc  la  consummation  denergie  represente autant  d'objeclifs  particulicrs de 
commonalite  dans  les  syslemes  radar  aeroporles. 

Toutefois  I'intcgration  dc  plusieurs  laches  radar  en  un  scul  systeme  peut  etre  cause  dc  problemes  si  t  cm  veut  oblenir  un 
ensemble  dc  performances  fiables.  Des  syslemes  centralises  peuvent  saver  er  plus  efficaces  en  raison  de  I'intcgration  de 
differentes  fonctions  au  memc  niveau  radar,  mais  ils  peuvent  etre  sujets  a  des  pannes  catastrophiques  si  I  on  ne  consacre  pas 
toute  I’atteniion  voulue  a  une  conception  orientee  vers  la  tolerance  aux  fautes.  cl  la  fiabilitc  generate  du  systeme.  II  imporie 
cgalemcnt  dc  prendre  soigneusement  cn  compte  lopportunitc  du  mode  et  les  cycles  de  marehe  afin  que  Joules  les  fonctions 
puissent  etre  accomplies  dans  les  limites  de  la  vites.se  et  de  la  capacile  de  fonetionnement  du  systeme  integre. 

Au  cours  de  ccs  dix  derniercs  annecs.  un  certain  nombre  dc  technologies  nouvellcs  ont  fait  leur  apparition:  dies 
exercent  une  influence  decisive  sur  les  concepts  radar  de  demain.  (/Integration  a  Trcs  Grande  Fchclle  (VLSI)  et  les  Circuits 
Integrcs  a  Trcs  Grande  Vitesse  (VHSIC)  ouvriront  dc  nouvellcs  voies  dans  le  domaine  du  traitement  numcriquc  des  signaux. 
l.es  nouvellcs  techniques  analogiques  tclles  que  les  dispositifs  SAW  (a  ondes  stationnaires)  ct  Ics  met  bodes  optiques 
scmblent  porteuses  d  avenir  en  malicre  dc  traitement  dc  signaux  analogiques.  l.es  structures  dc  processeurs  systoltqucs 
peuvent  reduire  le  temps  de  fonetionnement.  D'autrc  part,  dc  nouveaux  concepts  d'antennes  (cn  particulicr  rescaux  actifs  ct 
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conformes)  cl  de  nouveaux  algorithms  offrcnt  des  perspectives  nouvelles  en  ce  qui  concerne  les  performances  des  radars 
aeroportes.  eomme  la  couverture  sur  360*.  la  resistance,  au  brouillage  et  aux  signaux  parasites,  le  pouvoir  separateur  clevc.  )a 
poursuile  des  ciblcs  et  le  fonctionnement  pol> valent. 

L’objectif  du  symposium  qui  vous  a  etc  presente  tut  de  reunir  des  specialistes  de  domaines  divers  afm  d'exposer  Fetal 
de  Fart  actuel  pour  les  differents  sujels  abordes.  1.' “accent  fut  mis  sur  le  developpement  de  nouveaux  concepts  pour  la  mise  au 
point  des  futurs  systemes  radar  aeroportes.  plutot  que  sur  la  description  des  systemes  actuels. 
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Airborne  radar  will  continue  to  be  driven  by  factors  which  have  long  been  critical 
such  as  cost,  size,  weight  and  power  consumption.  Reliability,  always  important,  must 
receive  new  emphasis,  especially  in  the  era  of  highly  integrated  multi-f unction  radars 
where  well  designed  redundancy  management  and  efficient  resource  allocation  will  be  esren- 
tial.  As  new  technology  matures,  these  needs  will  cause  the  continuing  evolution  of 
radars . 

More  importantly,  two  relatively  new  forces  will  drive  rev  lutionary  change.  First, 
it  is  increasingly  clear  that  detection  is  tantamount  to  negation  in  modern  warfare.  If 
the  enemy  can  find  a  radar,  he  can  destroy  it  or  jam  it,  and  high  powered  radars  are  obvi¬ 
ously  susceptible  to  detection  and  precise  location  with  only  a  few  seconds  of  radiation. 

In  this  same  vein,  the  airborne  radar's  platform  may  be  increasingly  difficult  for  the 
enemy  to  detect  as  a  result  of  attention  to  its  radar  cross  section  and  infrared  signa¬ 
ture  but,  unless  the  radar  itself  is  comparably  reduced  in  detectability,  it  will  be  the 
"give-away."  This  need  for  radars  to  "hide"  suggests  strong  new  emphasis  on  bistatic 
systems,  low  probability  of  intercept  (LPI)  techniques  and,  where  applications  permit, 
the  wider  use  of  shorter  wavelengths  in  millimeter  or  infrared  bands. 

The  second  force  driving  revolutionary  change  is  the  decreasing  target  signature. 

As  radar  targets  shrink  in  visibility,  the  radar  designer  must  cope  with  more  than  simple 
signal-to-noise  reduction.  Clutter  rejection,  deception  recognition  and  ECCM  will  be 
vastly  more  difficult  in  the  many  cases  where  current  operation  is  marginal. 

The  very  difficult  problems  associated  with  detection  avoidance  and  with  dealing 
with  lowered  target  signatures  will  lead  to  new  and  much  more  complex  radar  concepts.  To 
a  very  large  extent,  solutions  will  lie  in  signal  processing  and  computation. 

Fortunately,  a  new  generation  of  emerging  technologies  offer  the  orders  of  magnitude 
improvement  in  processing  which  will  be  required.  New  analog  devices  can  provide  giga¬ 
hertz  bandwidths  and  extraordinary  time  bandwidth  products.  Likewise,  optical  processing 
using  non-linear  techniques  and  binary  components  can  also  yield  prodigious  capabilities. 
Digital  computational  density  continues  to  expand  with  10-*  -  10®  node  multiprocessors  com¬ 
ing  practical  at  moderate  costs.  In  addition,  custom-designed  VLSI  will  be  widely  avail¬ 
able  so  that  unique  problems  will  be  able  to  afford  optimized  solutions.  Expert  system 
technology  will  surely  play  an  increasing  and  major  role. 

The  challenge  to  the  radar  designer  is  to  identify  concepts  and  technology  which  will 
do  a  better  job  of  addressing  long  standing  needs  such  as  cost  and  reliability  while  simul¬ 
taneously  responding  to  the  new  demands  for  avoiding  detection  and  for  coping  with  less 
visible  targets. 


ABOUT  THE  FUTURH  OF  AIRBORNF.  RADAR 
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France 


1  -  PRESENT  SITUATION 


During  the  last  decade,  has  progressi vely  being  introduced  a  change  in  the  design  of  combat  aircraft. 
The  same  plane  is  more  and  more  capable  of  being  used  for  various  different  missions,  and  the  variety  of 
possible  missions  do  not  systematically  involve  a  relevant  variety  in  on-board  equpments  (except  fot  the 
very  armament).  As  a  consequence,  the  radar  has  become  more  and  more  polyvalent,  for  economical  as  well  as 
operational  reasons. 

Technological  evolution  gives  to  a  modern  combat  aircraft  radar  the  possibility  of  instantaneously 
switching  to  be  adapted  to  very  different  missions  such  as  faraway  detection  of  ennemy  penetrating  air¬ 
planes  flying  at  low  altitude,  as  well  as  accurate  localization  of  small  ships  in  heavy  sea-clutter  condi¬ 
tions,  or  detection  of  trucks  or  detection  of  stationnary  helicopters. 

However,  drastical  improvements  obtained  in  the  field  of  transmitting  tubes,  of  antennas,  of  frequency 
generation,  of  signal  processing  have  not  still  been  sufficient  enough  to  provide  complete  flexibility. 

It  is  possible  to  switch  from  a  given  mode  to  an  other  one,  but  using  simultaneously  several  modes, 
as  requested  by  the  users,  is  generally  difficult,  if  not  impossible.  As  an  example  it  is  very  difficult 
to  combate  against  a  fighter  while  keeping  perfect  protection  against  the  ground  returns,  or  it  is  very 
difficult  to  provide  a  wide  surveillance,  while  penetrating  at  low  altitude  in  a  terrain  clearance  mode. 

To  give  an  idea  of  the  situation,  I  will  try  to  recall  operational  needs,  as  they  are  now  and  as 
they  could  be  imagined  for  the  future 

Roughly,  as  seen  by  the  radar  designer,  operational  needs  could  be  classified 

-  depending  on  the  nature  of  targets  and  environments,  the  mission  of  the  A/C  being  localization 
and/or  destruction  of  the  targets 

-  depending  on  the  auxiliary  functions  needed  to  permit  the  realization  of  the  missions  (terrain 
following,  navigation  informations...) 

1.1.  -  Air  targets  and  their  environment 

Their  are  of  various  types,  at  any  altitude,  at  any  speed  ;  and  their  equivalent  echoing  area 
(e.e.a.)  is  permanently  reducing  : 

interceptors  at  high  altitude  and  high  speed 
penetration  A/c  at  very  low  altitude 

-  cruize  missiles  at  very  low  altitude  and  low  e.e.a.  (0.1  m2  or  less) 

-  nelicopters  at  very  low  altitude  and  various  speeds  (including  speed  zero). 

The  aircraft  equipped  with  the  radar  could  also  be  at  any  altitude,  above  any  type  of  earth  surface, 
and  obliged  to  acquire  the  targets  in  a  severe  environment  : 

1.1.1.  The  ground  constituted  by  a  very  large  number  of  parasitic  targets,  fixed  or  mobile,  generally  very 
powerful  . 

1.1.2.  The  E.C.M.  systems,  operating  from  very  sophisticated  receivers  and/or  an  a  priori  knowledge  of  the 
radar  characteristics. 

The  E.C.M.  systems  are  of  various  types  and  several  ones  could  be  used  simultaneously  : 

-  noise  jammers, 

-  active  and  passive  decoys. 

Active  decoys  become  more  and  more  clever  :  their  mission  is  to  make  a  replica  of  the  radar  signal, 
but  slightly  modified,  in  a  manner  realistic  enough  to  either  give  wrong  information  on  target  characteris¬ 
tics  (range,  speed,  direction,  strength),  or  to  give  wrong  information  on  the  number  of  the  targets  in 
order  to  saturate  signal  and/or  data  processing  of  the  radar,  incapable  of  making  the  good  choice  among 
that  large  number  of  targets,  all  of  them  looking  like  real  ones. 

Those  decoys  could  be  borne  or  dropped,  either  by  the  targets  themselves  (or  at  least  by  some  of  them), 
or  by  stand-off  planes,  or  by  ground  stations  installed  in  the  ennemy  territory. 


-  The  defense  organization  of  the  ennemy,  which  could  be 

-  the  air  to  air  weapons  of  the  targets  (guns,  active  radar  missiles,  passive  i.R.  or  anti  rad i ati on 
mi ssi les ) 

some  ground-based  weapon  systems,  basically  of  the  same  nature,  more  or  less  dangerous,  depending 
•r  the  aircraft  altitude. 

1.1. -1.  -  And,  finally,  the  existence  of  the  other  friend  aircraft  which  produce  electromagnetic  pollution 
with  trpir  radar  and  or  t.C.M.  equipments. 


1.2.  -  Surface  targets 

1..2.1.  Sea-surface  targets  could  be  very  small  and  their  acquisition  should  be  possible  in  all-weather 
r.  ■..>  s  case  of  rescue,  for  instance).  Recognition  of  the  type  of  ship  is  useful  -  all  l  C.M.  protec - 
t ' iih  :;f  s*'ips  are  possible,  specifically  use  of  efficient  decoys. 

1.2.2  -  On  the  ground,  targets  are  of  various  types  :  ranks,  mobiles  of  fixed,  helicopters  (stationnaryj ¥ 

fixed  structures  such  as  bridges,  S.A.M.  batteries.  Target  recognition  is  very  often  a  must,  in  a  natural 
very  dense  environment,  in  front  of  various  ennemys  E.C.M.,  including  drones  or  ultralight  airplanes  which 
coo'd  be  used  for  a  purpose  of  staturation. 

'.3.  -  Auxiliary  functions 

■<u.< ’  1  i a-“y  functions  could  be,  for  instance, 

.,/stem  achieving  navigation  aid  (correction  to  information  given  by  inertial  means)  which  gene 
•ally  necessitates  high-resolution  mapping  of  the  terrain 

ail-weather  terrain  following. 


r ethnically  speak  i»g,  what  is  the  impact  of  so  many  missions,  conditions,  situations  on  the  airborne 
radar  design  .’ 

•Ml  existing  solutions  are  based  fn  the  utilization  uf  the  flexibility  of  the  transmitter  (capable 
■><  transmitting  different  signals,  owing  to  the  use  of  pulse  compression  technics  and/or  to  the  use  of  trans¬ 
mitters  capable  of  more  than  or-e  peak  power  level)  and  are  based  rn  the  use  of  real  time  very  fast  compu 
ters  fon  signal  and  data  processing. 

no wever.  w-  spite  <>f  *he  flexibility  offered  by  modern  electronic  components,  compromises  remain 
recessary  : 

1'ract  ical  )y.  it  •'  very  often  the  air-to-air  mission,  wnen  it.  is  requested  to  be  of  good  quality, 
w "  ’w  Mves  t*e  mam  characterist  ics  of  an  airborne  radar  :  frequency  band,  transmitted  power,  level  of 
r-aras1* -.1  radiation  of  the  antenna,  spectral  quality  of  oscillators,  etc. 

r'issical  mechanical  antennas  are  well-adapted  to  air-to-air  mission  (with  exception  for  multitarget 
*rac* ’ng '  ,  Pot  they  are  not  so  well  adapted  to  an  -tc-surface  missions  (even  with  use  of  beam-swi tching 
rgar.  •  z;r  lor- ; .  In  spite  of  all  efforts  achieved  in  order  to  reduce  the  inertia  of  mechanisms,  terrain-follo¬ 
wing  will  only  by  totally  efficient  when  electronic  scanning  will  be  used. 

>  France,  radars  presently  under  development  are  designed  to  provide  all  air-to-air,  air-to-ground, 
■‘ir-rr.-sea  missions,  thanks  to  the  existence  of  about  50  different  modes.  To  obtain  sufficient,  perfor¬ 
mance  hir  every  mode,  transmitted  signals  need  to  be  of  various  nature,  p.r.f.  varying  between  a  few  hundreds 
Hz  and  a  tew  hundreds  kHz.  duty  cycles  varying  between  2  and  1000.  In  those  conditions  it  is  very  convenient 
to  use  a  transmitter  capable  of  different  peak  powers,  depending  on  the  p.r.f.  and  duty  cycles. 

the  inertia  of  the  antenna  is  requested  to  be  small  enough,  in  spite  of  its  relatively  big  size.  As  a 
bonus,  it  is  useful,  for  some  missions, to  use  simultaneously  seven!  modes,  such  as  : 

-  ant i col  1 i sion 

-  air-to-air  search 

-  air-to-air  tracking  (s) 

’ne  advantage  of  electronic  scanning  bicomes  quite  obw-us  passive  antennas  in  a  first  period  of  time, 
and  active  a-'tennas. 

'he  antenna,  whatever  be  its  nature  (classical,  or  electronic  scanning),  is  strictly  requested,  in 
rder  to  oe  relevant,  with  performing  Doppler  modes,  to  provide  excellent  rad’ation  patterns,  tee  parasitic 
side  lobes  being  extremely  low. 

Improvement,  of  the  performance  reached  by  processings  (within  a  given  volume)  leads  to  avoid  to  lose 
information  in  tee  receiving  part  o;  the  radar  :  so  it  appears  reasonable  to  use  simultaneously 


-  one  sum  channel 

-  2  monopulse  ecartometry  channels 

-  one  anciliary  channel 
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Those  4  channels  with  a  large  linear  dynamic  range  provide  after  analog  to  digital  conversion  a  data 
rate  around  500  Mbits/s,  to  be  processed  in  real  time. 

In  order  to  reduce  volume  and  cost  of  signal  processing,  it  is  interesting  to  utilize  one  very  power¬ 
ful  machine  (1000  MFlop/s)  capable  of  achieving  simultaneously  the  complete  processing  of  all  the  selected 
modes.  Depending  on  the  radar  mode,  the  configuration,  the  data  rate,  formats  vary.  This  machine  of  M.I.M.D. 
type  present  in  fact  a  lot  of  problems  of  management,  data  exchange,  etc. 

But,  in  fact,  if  we  follow  the  information  all  along  the  receiver,  it  appears,  from  the  input  to  the 
output  that  the  formats  and  the  data  rates  are  reducing  :  for  instance, 

-  at  the  input,  500  Mbits/s  with  14  bits 

-  at  the  ouput,  a  few  kbits/s  with  4  bits  (air-to-air  display) 

So,  it  appears  more  clever  to  replace  the  single  machine  by  a  cascade  (or  equivalent)  of  more  specia¬ 
lized  machines,  such  as 

-  Systolic  array 

-  F.F.T.  organization 

-  S. I .M.D.  machine 

-  M.I.M.O.  machine 

-  Specific  display  interface. 

In  supplement  to  that  organization  of  machines  devoted  to  signal  processing,  a  more  general  purpose 
type  machine  has  to  be  added,  providing 

-  Computation  at  low  rate 

-  Management 

-  of  information  exchanges  within  the  radar  (optical  bus) 

-  of  information  exchanges  between  the  radar  and  the  weapon  system 

-  of  built-in  tests. 


2  -  PRESENT  SITUATION,  EVEN  EXTRAPOLATEO,  IS  NOT  SATISFACTORY 


Present  technologies,  or  at  least  technologies  under  development,  will  permit  to  realize  combat  air¬ 
craft  radars  the  physical  characteri sties  of  which  (volume,  weight, consumming  power,  processing  capabili¬ 
ty  ...)  are  compatible  with  the  basic  performance  which  are  requested. 

However,  if  we  take  into  account  the  environment  of  the  future,  it  appears  that  the  present  situation 
is  not  satisfactory.  Problems  will  probably  appear  in  the  integration  of  all  the  components  of  the  weapon 
system  (they  exist  already,  and  compromises  are  needed  to  solve  them),  and  more  important,  significant 
insufficiencies  could  appear  in  hostile  environment. 

2.1.  -  Problems  regarding  the  integration  of  all  the  components  of  the  weapon  wysten 

For  instance, 

2.1.1.  -  Coexistence  of  the  E.C.M.  system  and  of  the  radar  on  board  of  the  same  aircraft  involves  obvious 
problems  regarding  volume  and  power  supply  available,  installation  of  antennas,  general  compatibility. 

Others  sensors  (infrared  or  visible  passive  detectors,  laser  range-finders)  involve  similar  problems. 

Active  cooperation  between  the  radar  and  the  other  components  appears  not  to  be  enough  taken  into 
account  in  order  to  globaly  reach  a  better  total  efficiency. 

2.1.2.  -  Final  testing  in  flight  of  the  radar,  within  the  overall  system,  is  very  long  and  is,  in  fact, 
limited  to  the  test  of  a  finite  number  of  punctual  examples,  generally  in  an  simulated  environment  of 
E.C.M. 

In  any  case,  for  obvious  reasons  of  discretion,  some  flight  tests  are  not  recommanded. 

2.2.  -  Operational  insufficiencies 

According  to  me,  they  are  essentially  in  two  fields  : 

-  Recognition  of  targets  not  accurate  enough 

-  Vulnerability  to  E.C.M. 

Both  aspects  are,  by  the  way,  correlated 
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2.2.1.  -  Target _recognition_ 

Regarding  the  air-target,  present  technologies,  in  connection  with  the  theoritical  limitations,  give 
resolution  cells,  in  search  mode,  of  the  order  of  some  tens  to  a  few  hundreds  of  meters  in  range,  of  order 
of  some  meters  per  second  in  speed,  of  a  few  degrees  in  angular. 

This  resolution  appears  to  be  insufficient  in  many  cases,  since  it  could  produce  too  many  false 
alarms,  with  a  risk  of  saturating  the  overall  system,  it  could  produce  a  range  reduction,  interruption  of 
target  tracking  in  case  of  complex  situation. 

For  instance,  in  search  mode  when  time  for  observation  in  short, 

-  The  radar  is  not  always  able  to  distinguish  a  penetrating  ennemy  aircraft  from  a  drone  whose  speed 
is  likely  and  equipped  with  a  luneberg  lens  or  equivalent.  There  are  trouble  to  count  the  actual  number  of 
targets  of  a  given  raid,  to  separate  close  tracks. 

-  Targets  generally  presenting  a  spectral  response  very  complex,  that  c*jld  involve  a  saturation  of 
the  data  processor  and/or  troubles  in  extracting  range  and  velocity  if  there  are  more  than  one  target  illu¬ 
minated. 

-  Fast  ground  vehicles  could  have  spectral  components  corresponding  to  speeds  high  enough  to  belong 
to  air-targets,  with  a  risk  of  producing  false  alarms. 

Regarding  ground  targets  or  sea-targets,  similar  problems  exist. 

Using  synthetic  aperture  radars  allows  to  get  a  very  good  resolution  on  fixed  (or  slow)  targets,  but 
that  technology  is  not  adapted  to  the  recognition  of  targets  with  complex  spectral  character! sties.  (Heli¬ 
copters,  rotating  radar  antennas,  tanks  on  battle-field  ...). 

2.2.2.  -  Vylnerabi 1 i tytoE.C.M. 


Present  generation  radars  appear  to  be  too  much  vulnerable  to  ennemy  E.C.M.  such  as  they  could  be 
realized  in  the  future. 

For  instance , 

*  Peak  power  transmitted  is  low  in  H.F.R.  radars  but  it  could  be  higher  in  other  modes,  which  is  a 
real  advantage  strictly  speaking  on  the  radar  side,  but  a  disadvantage  regarding  discretion. 

Otherwise,  coding  of  the  transmitted  signal  is  generally  very  simple  and  easy  to  be  identified  for 
E.C.M.  receiver  (Barker's  codes,  pulse  compression  with  linear  F.M.,  polyphased  codes  ...).  That  code  is 
generally  fixed  or  at  least  not  very  variable,  which  facilitates  the  identification  and  the  angular  loca¬ 
lization  of  the  radar.  Instantaneous  copy  of  such  codes  is  easy,  from  now,  for  modern  equipments.  In  case 
of  active  decoys,  the  future  receivers,  associated  with  analog  to  digital  fast  encoders,  will  probably  permit 
to  copy,  then  to  alterate  the  received  signal  with  enough  realism. 

Other  parameters  (p.r.f.  -  pulse  length)  do  not  vary  sufficiently,  in  a  given  mode,  helping  the  radar 
identification. 

At  least,  it  is  obvious  that  flight  tests,  and  pilot  training,  present  a  problem,  giving  mode  or  less 
publicity  to  the  radar  signal. 

*  Instantaneous  spectral  width  of  transmitted  signals  is  narrow.  Of  course  the  radar  is  capable  of 
ripidly  changing  its  frequency  within  a  wide  band,  but  this  degree  of  agility  risk  to  be  insuff ic lent ,  taking 
into  account  the  improvements  expected  from  the  E.C.M.  systems. 

*  Regarding  struggle  against  decoys,  present  generation  radars  appear  not  to  be  protected  enough  : 

-  Passif  decoys  (chaffs  or  equivalent)  are  generally  eliminated  by  Doppler  radars,  but  new  problems 
will  arise  if  this  type  of  decoys  could  be  animated  with  a  likely  average  speed.  Drones  and  R.P.V.  (possibly 
equipped  with  passive  responders)  are  not  identified  as  such  by  the  radar  if  their  speed  is  likely. 

Active  decoys  wi 1)  in  the  future  reach  such  a  sophisticated  level  that  classical  protections  will 
become  totally  insufficient. 


3  -  IN  PRINCIPLE  SOLUTIONS  EXIST 


That  situation,  not  enough  satisfactory  for  the  far  future,  is  such  mainly  because  the  present  state 
of  the  art  in  technology  has  not  allowed  the  realization  of  more  efficient  solutions.  Decisive  improvements 
will  be  needed  in  the  future,  of  which  the  basic  principles  are  known,  the  evolution  of  the  technology  pro¬ 
mising  to  permit  their  practical  achievement. 

Roughly,  in  my  opinion,  4  basic  ideas  could  be  used  : 


-  Orastic  improvement  of  the  range  resolution  as  well  as 

-  Better  utilization  of  the  information  contained  in  the 

-  Improvement  of  the  angular  domain  covered  by  the  radar 


of  the  complexity  of  transmitted  waveforms, 
received  signal . 

and  of  the  means  of  exploration. 
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-  Cooperation  with  the  E.C.M.  system  on  board  of  the  aircraft  and  generally  with  the  other  sensors. 

3.1.  -  Range  resolution  and  complexity  of  the  transmitted  waveforms 

Velocity  resolution  is  limited  on  one  side  by  the  characteristics  of  the  target,  on  the  other  side 
by  the  minimum  observation  time  during  which  the  transmitted  waveform  remain  stable  enough. 

That  time  T  has  to  be  as  short  as  possible  (let  us  say  around  one  millisecond,  as  an  example). 

The  velocity  resolution  4v  =  ^  is  then  limited  (for  instance  16  m/s  at  9  GHz  for  T  =  1  ms),  and 

nothing  better  could  be  expected  (except  a  reduction  of  A,  possible,  for  instance,  for  relatively  short  range 
radars). 

The  angular  resolution  is  limited  by  the  antenna  size.  It  could  be  significantly  improved  only  by 
spreading  the  antenna  system  all  along  the  structure  of  the  plane  (for  instance,  by  installing  transmi tting- 
receiving  active  modules  on  the  wings  to  improve  resolution  in  bearing). 

The  improvement  of  the  angular  resolution  by  processing,  well  known  technology  at  the  present  time,  is 
finally  depending  on  the  velocity  resolution  and  suffers  same  limitations. 

On  the  contrary,  improving  the  range  resolution  is  possible  without  basic  limitations.  Range  resolution 
is  proportional  to  the  spectral  width  of  the  received  signal,  and  improvements  by  10  to  1000  could  be  obtained 
depending  on  the  utilization  and  on  the  environment. 

Only  a  very  good  range  resolution  could  permit 

-  to  count  the  targets  of  a  raid 

-  to  separate  the  "brilliant  points"  of  a  target  and  then  to  evaluate  its  size  in  order  to  facilitate 
its  recognition 

-  to  localize  an  active  decoy  on  the  target  and  then  to  reject  it 

-  to  identify  by  their  size  dropped  active  decoys 

-  to  avoid  confusion  between  close  tracks 

-  to  reduce  significantly  the  level  of  scattered  clutter. 

In  the  same  time  when  instantaneous  spectral  width  has  to  be  wide,  complexity  of  the  transmitted  wave¬ 
form  has  to  be  increased  to  make  the  copy  of  it  as  much  difficult  as  possible. 

3.2.  -  Better  utilization  of  the  received  signals 


Present  architecture  of  existing  radars  is  based  on  the  notion  of  a  matched  filter  and  on  the  utiliza¬ 
tion  of  Doppler  effect. 

It  would  be  stupid  to  forget  all  those  basic  principles,  but  they  could  be  used  in  a  more  clever  manner. 

It  could  be  accepted  in  some  cases  to  lose  in  sensitivity  in  order  to  get  more  information  on  the  tar¬ 
gets  ;  or  to  recognize  the  decoys  as  such. 

3.3.  -  Improvement  of  angular  domain 

Operationnal ly  speaking,  it  is  generally  requested  to  cover  a  domain  as  high  as  possible  in  the  minimum 
time.  That  time  could  not  go  below  a  given  value,  for  basic  physical  reasons. 

However,  explorations  means  must  not  depend  on  mecanical  limitations. 

Electronic  scanning  bi -dimensional  array  antennas,  because  of  their  beam  agility  : 

-  make  more  difficult  identification  and  localization  of  the  radar  by  the  ennemy  E.C.M.  systems,  and 
that  as  much  as  the  transmitted  waveform  is  more  agile  and  complex 

-  make  possible  to  use  simultaneously  several  modes,  generally  not  compatible,  such  a-  terrain  follo¬ 
wing,  air-to-air  surveillance,  multitarget  tracking,  etc. 

-  make  possible  the  management  of  the  available  power  depending  on  the  performance  requested,  by 
sharing  the  energy  in  various  direction  and  then,  globally  improve  performance  in  comparison  with  a 
conventional  radar. 

Passive  phase-array  antennas  are  possible  to  be  used  in  the  near  future,  but  the  real  aim  is  to  use 
active  antennas,  compatible  with  a  wide  bandwidth  and  reduced  microwave  losses.  Widening  of  the  angular  domain 
will  result  from  using  several  plane  arrays  or  curved  arrays. 

3.4.  -  Cooperation  with  E.C.M.  system  and  other  equipments  on  board 

Having  in  mind  those  new  radar  architectures  using, 

-  complexity  of  the  transmitted  waveforms 

-  instantaneous  very  wide  spectral  bandwidth 

-  active  array  antenna 


reception  processing  architecture  capable  of  dealing  with  an  enormous  rate  of  the  received  information. 


it  appears  that  the  radar  could  help  the  E.C.M.  system  on  board  of  the  same  aircraft. 

The  first  idea  is  using  the  radar  transmission  as  a  self  screening  jamming,  either  in  time-sharing 
with  the  very  radar  mode,  or  simultaneously  by  sharing  the  transmitted  power. 

Detection  and  localization  of  dangerous  radars  is  also  possible,  at  least  in  some  portions  of  the  4 
steradians,  the  radar  being  in  use  or  not. 

‘  Association  with  other  sensors  (in  visible  wavelengths  or  in  infrared)  could  be  generalized  to  give 

confirmation  on  some  radar  alarm  and/or  to  complement  the  radar,  at  the  limit  of  the  radar  domain.  It  is 
r  already  known  that  association  of  tracking  radar  and  infrared  sensor  provides  a  global  efficiency  much  better 

that  the  efficiency  of  every  one.  In  an  environment  of  intensive  E.C.M.  the  advantage  of  using  equipments 
'  working  at  wavelengths  very  different  from  classical  electromagnetic  ones,  is  obvious, 

i 

4.  -  SUCH  A  RADAR  SYSTEM  IS  FEASIBLE 


Real i/at ion  of  such  a  system,  much  more  clever  and  cooperant,  is  feasible  in  a  future  not  too  far. 

:t  necessitates,  m  some  manner,  a  kind  of  revolution  in  the  technical  traditions,  rather  than  an 
■  wr  •  c'  could  '’is*  to  increase  complexity  without  enough  advantages. 

l-i  •  '»-cep»  f  i  •'adar.  where  technical  functions  are  physically  separated,  and  rigidly  cascaded, 

-e  .  hi' •’*.  ed  t  »  ;re<  Tures  \r.  which  transmission,  reception  and  processing  will  be  physically  mixed, 

i  ,r,f.  *  be  *ime.  >  mat  field,  active  array  antennas  are  only  an  example 

r '  'i  1  '*  ee-ieit  •  •,  Hnor-mcius  •  ft  is  obviously  needed  in  signal  processing  the  capacity  of 

i  *  '•  ”  •  *  .  •  •  ' -mes  10.  but.  it  is  also  needed  in  microwave,  in  I.F.,  in  internal  links 

•  '  ■  *'  ’  «  r  t.e  sm-rp  jr-d  more  importance,  compared  to  the  present  situation. 


• < 'vf  improvements  are  needed  for  the  airborne  multifunction 
i  “’r.jlr  operational  environment  of  the  future. 

■  ••  }*  m.v  have  to  be  able  to  be  used  in  an  ambiance  of  electro- 
**♦'''  is  from  friend  radars.  Obviously  for  peace-time  (or 
**■  '  >'  •  rviar  needs  to  be  able  to  adapt  its  configuration  to 
•  •  "m*  1  t  peace -t  ime. 


.  ..me-'  *  intelligence  and  flexibility,  while  improving  the 

*  "e  e-ju'vdlent  echoing  area  of  the  targets. 


M  \*  fvi*1  :-e  the  level 

mi  for  which 

’  -  ,  implement  an 

i' ■  .  •  m,ik  e  t  he  over  a  1 1 


reached,  the  radar  has  its  own  physical 
exist  limitation  in  volume,  weight,  con- 
active  cooperation  between  all  the 
action  globally  more  efficient  and  eco- 


r  q  i'’  preparing  this  paper. 
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SUMMARY 

With  an  experimental  phased  array  radar  system  ELRA  operational  experience  has  been  gathered.  The  system  was 
planned  for  solid  state  operation,  therefore  it  consists  of  active  receiving  and  transmitting  arrays.  The  provisional 
tube  power  amplifiers  are  replaced  by  transistor  amplifiers.  This  change  had  some  implications  on  the  multifunc¬ 
tion  operation,  especially  on  the  selection  of  transmitted  waveforms.  The  necessary  considerations  are  relevant  for 
future  solid  state  phased  array  radars.  The  introduction  of  monolithic  microwave  antenna  modules  will  improve  the 
chances  of  active  solid  state  phased  arrays. 

1.  INTRODUCTION 

There  is  agreement  in  the  radar  society  about  the  advantages  of  phased  arrays  already  for  a  longer  time, 
especially  concerning  the  multifunction  capability  and  the  operational  properties.  The  principal  drawback  preventing 
their  introduction  up  to  now  is  their  high  investment  cost.  With  the  development  of  monolithic  microwave  integra¬ 
ted  circuits  (MMIC)  a  dramatic  cost  reduction  seems  possible  for  the  near  future. 

The  MMIC-technology  may  be  applied  only  to  active  arrays:  each  antenna  element  is  combined  with  its  indivi¬ 
dual  module  with  a  transmit  and  receive  amplifier  together  with  the  phase  shifter.  Because  there  will  be  a  high 
number  of  elements  (1000  to  10.000),  the  low  transmit  powers  of  single  modules  add  up  in  space  by  superposition 
of  radiated  waves.  Thus,  considerable  effective  power  densities  within  the  main  beam  are  achieved. 

2.  MULTIFUNCTION  OPERATION  WITH  SOLID  STATE  ARRAYS 

A  typical  operational  condition  with  transistor  power  amplifiers  is  their  low  ratio  of  peak-to-mean  power.  For 
bipolar  transistors  at  S-band  this  may  be  about  2.  With  FET-amplifiers  at  X-band  this  ratio  is  even  only  1.  There¬ 
fore  the  applied  waveform  should  result  in  a  high  duty  factor  to  use  the  available  mean  power.  On  the  other  hand 
a  wide  variety  of  waveforms  are  applicable  under  the  contraints  of  mean  and  peak  power:  short  pulses  with  high 
prf  or  long  pulses  with  low  prf  and  even  CW.  This  property  has  to  be  considered  with  respect  to  the  different 
tasks  of  a  multifunction  radar. 

Multifunction  array  radars  are  attractive  likewise  for  future  groundbased  air  defense  and  for  advanced  fighter  air¬ 
craft. 

The  radar  functions  to  be  performed  in  the  ground  based  case  by  one  system  may  be: 

-  Long  range  search 

-  Medium  range  search  with  clutter  suppression 

-  Short  range  search 

-  Horizontal  search  in  clutter  with  doppler  filtering 

-  Target  acquisition  with  parameter  estimation 

-  Multiple  target  tracking 

-  Target  classification 

-  Passive  jammer  location. 

In  the  airborne  case  there  will  be  some  alternative  and  additional  radar  functions  / 1  /: 

-  High  prf  velocity  search  mode  for  long  range 

-  Medium  prf  for  look  down  search  and  multiple  target  tracking 

Both  modes  are  applied  against  the  doppler  shifted  ground  clutter.  The  problem  or  ambignous  range  and 
doppler  are  solved  by  bursts  of  different  p.r.f.s 

-  Ground  mapping  for  navigation 

-  Detection  of  moving  ground  targets 

-  Synthetic  aperture  formation 

-  Precision  velocity  update  for  doppler  navigation 

-  Terrain  avoidance  and  following. 

it  seems  very  likely  to  me  that  multifunction  array  radars  may  be  built  in  future  with  the  same  antenna  mo¬ 
dules  for  both  mentioned  areas  of  applications.  The  difference  between  both  types  of  systems  will  confine  to  some 
special  selected  waveforms  with  their  corresponding  signal  processing  and  the  programs  for  the  computer  control 
of  the  radar  and  for  the  data  processing.  The  remaining  one  parameter  for  the  selection  of  a  module  type  then 
will  be  the  desired  frequency  band.  Some  aspects  of  the  development  for  an  X-band  module  will  be  treated  during 
this  conference  by  the  presentation  (No  30)  of  E.  Langer. 

3.  EXPERIENCE  AND  RESULTS  WITH  THE  ELRA  EXPERIMENTAL  SYSTEM 

An  experimental  ground  based  electronic  steerable  radar  (ELRA)  has  been  developed  and  operated  under  com¬ 
puter  control  at  FFM  /2/.  The  experience  with  this  active  phased  array  multifunction  radar  may  be  useful  for 
future  airborne  systems  as  well. 

The  modular  construction  with  separate  transmit  and  receive  arrays  and  using  the  concept  of  an  active  array 
has  proven  also  very  suitable  for  such  an  experimental  system.  Modules  have  been  added  piece- wise.  Repair  of 
some  modules  was  possible  while  operating  the  remaining  part  of  the  system.  300  transmit  and  768  receive  modu¬ 
les  are  distributed  in  thinned  arrays.  The  operating  wavellength  is  11cm  (S-band).  In  parallel  subsystems  for  sig¬ 
nal  processing  and  the  programs  for  radar  control  have  been  extended  step  by  step. 


A  multifunction  operation  together  with  a  tracking  computer  Ilf  is  possible  with  the  following  individual  radar 
functions: 

-  Long  range  search  with  sequential  detection 

-  Medium  range  search  with  MTl-filter  and  sequential  detection  /3/. 

-  Horizontal  search  in  fixed  clutter  with  doppler  filleting 

-  Target  acquisition 

-  Target  location  for  tracking 

The  parameters  of  all  tasks  can  be  chosen  independently.  Target  acquisition  and  location  with  higher  energy 
compared  to  the  search  mode  results  in  a  stabilization  of  initiated  tracks.  An  example  of  the  experiments  to  ob¬ 
serve  targets  of  opportunity  is  demonstrated  by  the  Fig.  la,  b,  c,  which  show  the  integrated  plots  in  a  PPI-repre- 
sentation  during  an  interval  of  10  min  for  the  search,  acquisition  and  tracking  mode  respectively.  Remarcable  is 
the  dense  series  of  tracking  plots,  resulting  from  the  track  requests  of  the  tracking  computer  and  perfo'med  with 
increased  energy. 

The  fiist  approach  for  the  transmitter  has  been  realized  with  individual  tube  amplifiers.  These  are  meanwhile 
replaced  by  transistor  amplifiers  for  reasons  of  cost  and  reliability.  They  ate  developed  as  micros! rip  devices.  The 
mean  and  peak  output  powers  are  5  and  10  W  respectively.  Fig.  2  shows  the  output  amplifier  together  with  the  ra¬ 
diating  dipole.  The  principal  problem  with  transistors  arises  by  the  fact,  their  peak  power  may  be  only  about  twice 
their  mean  power.  The  most  suitable  operation  would  even  be  CW,  which  is  not  usable  for  long  range  radars.  In 
Fig.  3  we  indicate  an  example  for  a  receiving  range  interval  equal  to  the  blind  range  resulting  at  a  duty  factor 
"7  *0.3.  We  take  that  ratio  as  a  limit  for  long  range  search.  VVe  will  find  by  some  following  examles,  that  it  is 
not  possible  to  make  complete  use  of  the  available  mean  power  of  transistors.  But  we  can  achieve  the  highest 
duty  cycles  for  long  range  operations  for  search  and  tracking  and  for  these  cases  the  available  power  is  needed 
most. 

Of  course  we  have  to  control  the  scanning  of  the  agile  narrow  pencil  beam,  produced  by  a  planar  array,  with 
a  computer  dedicated  to  the  radar  control.  Especially  ir  is  necessary  to  select  individually  the  pulse  period  and 
dwell  time  in  each  beam  postion.  But  this  is  no  severe  problem  and  therefore  maximum  performance  can  be 
achieved  with  transistors  for  transmitting  in  a  multifunction  radar. 

4.  PARAMETER  EXAMPLE 

An  electronic  scanning  radar  is  naturally  very  flexible  and  almost  all  parameters  can  be  varied  by  computer 
control.  Nevertheless  we  have  to  establish  a  set  of  reasonable  parameters  for  a  standard  operation.  At  any  time 
necessary  adaptations  can  be  initiated  by  rhe  computer,  hut  the  system  may  be  reset  to  this  banc  parameter  set. 

In  the  following  we  select  a  parameter  set  which  is  suitable  for  ELRA  operation.  I’ he  task  of  our  radar  shall  be 
the  observation  of  the  airspace,  for  example  for  air  traffic  control.  Indeed  we  want  to  observe  targets  of  oppor¬ 
tunity,  that  means  air  traffic,  with  our  system.  It  follows  for  all  targets  a  certain  radar  cross  section  which 
we  may  assume  the  same  for  all  targets  at  all  ranges.  A  further  arbitrary  choice  divides  rhe  radars  load  to 
search  and  tracking  into  equal  parts,  or  with  other  words,  only  50%  of  rhe  available  radar  power  is  dedicated  to 
the  search  function. 

For  the  following  discussion  we  have  to  look  at  the  well  known  radar  equation: 

„  ntpc  «  A2G' 

n  *  -  -t - H—  (I) 

FC(4irr  kPK  L 

(n  =  number  of  pulses  in  a  beam  position,  ~  signal/noise  power  ratio,  T*  -  pulse  length,  P  =  transmitted  peak 
power,  Ci^,  Clr  =  antenna  gain  fur  transmitting  and  receiving,  ^  =  wavelength,  G  -  target  cross  section,  R  =  target 
range,  kTf  =  noise  power  in  urn*  bandwidth,  L  =  losses). 

If  we  let  the  value  of  the  product 

p  c  c,  £ 

i  r 

unchanged,  the  and  therefore  the  conditions  for  signal  processing  and  the  time  management,  we  are  especially 
interested  in,  is  also  unchanged.  In  this  sense  the  ELRA-parameters  may  be  compared  to  a  hypothetical  opera- 
lonal  system  OS: 


ELRA: 

OS: 

c; 
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300 

2000 

c, 

r 

768 

2000 

P 

10-300  W 

0.9-2000  W 

6 

10  m2 

1  m2 

Additionally  we  assume  the  same  beam  width  for  the  pencil  beams  of  both  systems,  which  is  achieved  by  ade¬ 
quate  antenna  element  chinning  in  case  of  ELRA.  By  this  assumptions  we  expect  our  results  to  be  applicable  in 
principle  to  future  operational  systems. 


* 


s 


For  our  purpose  the  radar  equation  (1)  may  be  compressed  to 


with  C  comprising  all  fixed  parameters. 

So  we  recognize,  that  to  achieve  a  certain  range  R  we  have  to  apply  a  corresponding  pulse  energy  fP.  The 
pulse  energy  TP  has  to  be  repeated  by  a  pulse  period  T,  matched  to  the  unambigous  range  R.  So  the  mean  power 
of  the  transmitter  is  P  =  TV-P,  which  is  in  the  end  determining  the  achievable  range.  By  considering  the  detec¬ 
tion  performance^^,  f^.)  and*the  type  of  signal  processing  we  get  n,  the  number  of  pulses  in  a  beam  position, 
or  nT  as  the  dwell  time. 

5.  EXAMPLES  FOR  SEARCH: 

We  assume  the  already  mentioned  parameters  for  the  radar  equation  and  F  =  4  dB,  L  =  8  dB  (propagation, 
scanning  and  matching  losses). 

5.1  Long  Range  Search: 

R  =  200  km,  “r=  640  us 

By  applying  sequential  detection  /4/  we  achieve  with  a  mean  test  length  n  =  5  a  P~  =  0.4.  At  maximum  range 
this  results  for  five  search  periods  in  a  cumulative  detection  probability  of  Pp  =  0.92.  The  blind  range  is  given  by 
tto  R^  =  96  km.  So  we  can  search  only  for  targets  at  ranges  from  96-200  km'.  According  to  Fig.  4  we  have6  beam- 
positions  (BP)  for  covering  a  height  up  to  20km.  In  azimuth  there  are  60  BPs.  For  T  =  2  ms  we  get  a  search 
time 


TLRS  =  6  *  60  '  5  •  °-°°2  =  3*65  s 

The  duty  cycles  is  ny  &  0.3. 

For  the  repetition  of  the  long  range  search  we  select  a  period  of  t,  =■  15s.  A  radial  flying  target  at 
v  =  250™  would  have  moved  in  5  search  periods  18.7 km,  which  is  less  tnen  10%  of  maximum  range. 

5.2  Medium  Range  Search: 

This  has  to  fill  up  the  blind  range  of  the  long  range  search.  But  this  is  only  necessary  if  there  is  a  possibi¬ 
lity  for  new  targets  coming  up  in  this  area.  All  targets  coming  inbound  from  maximum  range  are  detected  already 
and  tracked.  We  may  have  to  care  onlv  for  targets  at  low  and  high  altitudes  (h<  600m  or  h>20km).  The  neces¬ 
sary  energy  may  now  be  reduced  by  2*  and  this  is  done  by  chosing  T"  =  128us  and  n  =  2. 

The  detection  performance  at  R  =  100  km  is  therefore  the  same  as  for  R  =  200  km.  The  blind  range  is  now 
20km.  With  T  =  0.8  ms  and  8  BP  in  elevation  we  get  a  search  time 

TMRS  =  8  *  60  *  2  •  0.0008  =  0.7685  s 

The  duty  cycle  is  only  <&0.l6. 

For  the  repetition  of  this  medium  range  search  we  select  t^R«-  =  7.5s.  The  low  altitudes  are  covered  by  the 
coherent  search  along  horizon. 

5.3  Coherent  Search  along  Horizon  in  Ground  Clutter: 

This  search  is  performed  with  a  doppler  filter  to  achieve  adequate  clutter  cancellation.  Therefore  we  select  a 
relatively  high  number  of  pulses  n  =  8  and  T=  32  ps.  This  values  are  adequate  for  a  range  of  100  km.  With 
T  =  0.8  ms  the  search  requires  a  time 

TSC  =  1  '  60  ■  8  •  0.0008  =  0.38  s 

The  repetition  period  is  selected  to  t<-p  =  5  s.  The  duty  cycle  is  only  qsz  0.05. 

A  synchroneous  multiple  beam  operation  is  therefore  possible,  especially  if  there  are  more  BPs  which  are  occu¬ 
pied  by  clutter,  e.g.  weather  clutter. 

5.4  Short  Range  Search: 

If  necessary  the  blind  range  of  the  medium  range  search  may  be  covered.  A  pulse  length  of  T"=  2  us  and 
n  =  3  (MTI  operation)  is  suggested. 

With  T  =  0.2ms  and  13  ■  60  =  780  BPs  this  search  is  performed  within 

TSRS  =  13  *  6(3  '  3  •  0.0002  =  0.468  s 
The  repetition  period  is  selected  t«.RS  =  5  s. 


5.5  Relative  Search  Load: 


Within  an  interval  of  15  s  the  time  dedicated  to  search  can  now  be  specified: 


Long  range 
Medium  range 
Clutter,  horizon 
Short  range 


1  x  3.6  s  =  3.600  s 

2  x  0.768 s  =  1.536  s 

3  x  0.38s  =  1.140s 
3  x  0.468  s  =  1.404  s 

£  =  7.68  s 


So  we  end  up  quire  accidentally  with  51%  search  load.  The  mean  duty  cycle  is  ^  -  0.19.  So  we  don't  make 
use  of  the  available  mean  power  with  -y  =  0.5.  We  used  for  different  search  tasks  different  dwell  times  in  each 
BP  and  different  repetition  periods.  Here  we  recognize  a  fundamental  advantage  of  a  beam  agile  radar. 

6.  EXAMPLES  FOR  TARGET  LOCATION  (TRACKING) 

Target  Location  will  be  applied  after  a  search  result  for  target  acquisition  or  validation  and  for  computer  con¬ 
trolled  target  tracking.  The  energy  for  each  location  task  is  increased  by  about  5  dR  compared  to  the  search 
mode. 

Because  now  the  range  of  the  target  is  coarsely  known,  the  pulses  may  be  extended  to  approximate  y*  0.5  at 
maximum  range. 

6.1  Long  Range  Location: 

For  the  range  interval  150-200km  we  select  according  to  Fig.  3  7'=  1ms  and  T  =  2.333  ms.  In  favour  of  doppler 
estimation  we  select  n  =  12.  (^  =  0.42). 

6.2  Medium  Range  Location: 

For  the  range  75-l50km  we  select  T=  500  ps,  n  =  8  and  T  =  1.5  ms  (^  =  0.33). 

6.3  Short  Range  Location: 

For  R  75  km  we  select  V  =  16ps,  n  =  16  T  =  0.6  ms  0.026). 

6.4  Target  Location  Capacity 


How  many  targets  may  be  located  oi  tracked  with  this  operational  parameters?  If  in  each  area  10  targets  are 
tracked  at  a  tate  of  1  s  we  arrive  at  a  tracking  load  of  496ms/s,  that  means  49.6%  which  is  just  compatible  with 
our  search  load. 

For  the  short  range  location  we  may  apply  multiplejf  operation  and  thereby  increase  the  number  of  targets 
to  be  located  e.g.  by  a  factor  of  5.  By  this  means  also  rj  is  increased  to  0.19.  Because  false  alarms  from  search 
by  clutter  residues  are  most  likely  in  this  area,  this  multiplex  operation  should  be  kept  in  mind.  The  mean  duty 
cycle  for  target  location  is  r>=  0.35  and  therefore  remarkably  higher  compared  to  search.  The  overall  mean  would 

b n-r>  --  0.27.  L 

«**» 

7.  CODING  OF  PULSES 

Up  to  now  we  selected  pulse  length  T  for  each  special  task  arbitrarily.  Of  course  the  pulses  have  to  be  modu¬ 
lated.  For  the  code  selection  the  first  step  is  to  evaluate 


with  f  ,  -  target  dopplershift.  For  target  velocity  v  =  250rn/s  and  f  =  2.72  GHz  (S-band)  and  tr  =  100ps  we  get 


In  most  cases  our  pulses  are  even  longer,  so  we  have  to  choose  a  doppler  insensitive  -ode.  The  classical  choice 
is  linear  frequency  modulation  (LFM).  Pulse  compression  by  SAW  devices  seems  impossible  for  long  pulses  up  to 
1ms.  So  we  are  led  to  polyphase  codes  as  the  digital  approximation  of  the  LFM.  The  pulse  compression  has  to  be 
performed  after  beam  forming  and  MTI  with  a  digital  transversal  filter  or  correlator.  Recent  publications  of 
Kretschmer  and  Lewis  / 5/  describe  a  version  of  the  polyphase  code,  called  P  3,  which  seems  most  suitable: 

f.  (i  -  I)2  ,  i  =  1...K 


The  phase  for  each  subpulse  'j.  is  of  course  taken  modulo  2  and  K  is  the  code  length  or  number  of  subpulses. 
One  interesting  feature  of  the  P  ^  code  results  from  the  fact  K  t.)  be  any  integer  in  contrast  to  the  Frank  code 
/6/.  On  the  orher  hand  this  P  3  code  needs  a  finer  phase  quantization  compared  to  the  Frank  code:  for  K  =  64  we 
would  need  7  compared  to  3  bit  phase  quantization.  Some  computations  of  the  ambiguity  functions  of  the  P  3  code 
for  a  coarser  quantization  resulted  in  an  only  minor  increase  in  si  delobes,  if  we  tc.  :e  only  the  number  of  bits 
corresponding  to  the  Frank  code. 

For  the  FLRA  system  a  phase  modulation  is  realized  with  one  accurately  adjusted  4  bit  phase  shifter  operating 
on  the  rf  reference  signal  before  distribution  to  the  100  transmitter  channels.  The  codelength  may  be  chosen  1, 

16  or  64  and  the  subpulse  may  be  1,2  or  10  ps.  All  possible  combinations  provide  values  for  the  pulse  length  of  1, 
2,  10,  16,  32,  64,  128,  160  or  640  ps.  The  pulse  compression  (PC)  is  realizad  by  a  digital  filter  with  appropriate 
flexibility.  In  Fig.  5  are  shown  examples  of  clutter  echoes  after  I’C  with  codelength  }  (unmodulated),  16  and  64 
with  subpulse  length  I  respectively  2 ps.  The  amplitudes  are  normalized  to  noise  after  PC,  so  the  processing  gain 
by  the  PC  according  to  the  codelength  is  obvinns  for  some  point  targets. 


8.  MONOLITHIC  MICROWAVE  INTEGRATED  CIRCUITS  (MMIC) 

The  development  of  MMIC  circuits  seems  to  be  the  real  and  final  chance  for  a  break  through  of  solid  state 
ph  ed  arrays.  With  our  parameter  example  we  have  shown,  a  transmitter  power  of  1  W  per  element  is  plenty 
enough  for  an  operational  system  with  some  thousand  elements.  Developments  are  going  on  for  complete  T/R 
modules  at  S  and  X-band  /7/,  /8/.  A  block  diagram  is  shown  on  Fig.  6. 

The  main  parameters  of  such  modules  are  of  the  following  orders  of  magnitude: 

transmitting  power:  |W 

transmitter  gain  :  20 dB 

Receiving  gain  :  20  dB 

Phase  shifter  3-5  bit 

{depending  on  sidelobe 
specification) 

Noise  Figure  4dB 

Dynamic  range  of 

receiver  :  70  dB 

The  bandwidth  should  be  as  large  as  possible.  Perhaps  it  is  possible  then  to  use  the  same  type  of  module  for 
different  radar  systems. 

9.  AUTOMATIC  TESTING  OF  ANTENNA  MODULES 

An  automatic  testing  or  monitoring  of  all  antenna  elements  should  be  possible  during  radar  operation.  An  auxi¬ 
liary  anrenna  in  front  of  the  array  outside  the  scanning  angle  and  an  individual  control  of  the  phase  shifters  is  a 
precondition  for  a  simple  and  effective  procedure:  each  channel  is  phase  modulated  individually  and  the  resulting 
modulation  analyzed  /9/. 

Fot  3  bit  phase  shifters,  as  used  in  the  ELRA  system,  the  complex  sum  beam  output  (l  and  Q  signal  compo¬ 
nent)  should  show  eight  points  lying  on  a  circle  spaced  45°  apart.  The  channels  gain  is  tested  with  the  circle 
diameter.  The  zero  phase  can  be  evaluated  and  stored  for  phase  compensation  in  connection  with  the  computation 
for  the  phase  steering  commands.  So  there  is  no  need  for  hardware  phase  alignment.  The  deviation  of  the  mea¬ 
sured  phase  state  from  the  ideal  ones  is  also  evaluated.  By  this  means  faulty  channels  are  indicated  together 
with  the  type  of  error. 

The  complete  test  procedure  may  be  performed  within  some  seconds  or  may  be  interlaced  with  the  radar  opera¬ 
tion.  A  nearly  continuous  antenna  test  during  field  operation  is  therefore  possible. 

OUTLOOK: 

No  fundamental  problems  are  existing  to  day  for  the  realization  of  electronic  scanning  radars.  By  applying 
computer  control  to  the  radar  functions  a  high  flexibility  is  given  to  accomplish  different  radar  tasks  with  one 
radar  system.  By  the  development  and  implementation  of  MMIC-technology  the  cost  for  investment  and  operation 
will  decrease  substantially.  Ground  based  and  airborne  systems  may  share  the  same  antenna  module  technique.  By 
increasing  the  required  number  of  modules  there  is  a  contribution  to  further  cost  reductions  for  hardware  parts 
and  development. 
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Fig.  2  b:  Validated  Search  plots 

Fig.  3:  Radar  period  and  pulse  length 

Fig.  1  c:  Tracking  plots 
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DISCISSION 


Winston 

Lfficiency  of  solid  stale  modules  will  he  important  for  airborne  applications  of  electronic  scanning.  What  is  the 
proposed  efficiency  of  the  modules  you  intend  to  use? 


Author's  Reply 

We  hope  for  20%  to  25%  DC'  to  RF-efficiency. 


K.Solbach 

What  are  the  definite  advantages  of  active  array  radar  versus  passive  array  radar  in  terms  of  operational 
performance? 


•Author's  Reply 

I  he  advantages  are: 

1 .  Prime  power  saving  by  a  factor  2. 

2.  Redundancy  of  the  radar  antenna,  e  g.  1 0%  of  modules  may  fail,  but  the  system  can  operate  without  repair  with 
reduced  power  (graceful  degradation). 

3.  In  future  lower  cost  for  investment  and  maintenance  (many  equal  elements). 
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ABSTRACT 

The  continuing  trend  towards  the  development  and  production  of 'aircral't  capable  of  multiple  missions  indicates  that 
future  airborne  radars  must  provide  a  broad  spectrum  of  air-to-air  and  air-to-ground  modes.  This  paper  investigates  the 
modal  and  functional  requirements  of  a  multimode  radar  projected  for  the  mid-  1990s  period.  The  paper  is  divided  into  two 
sections.  In  the  first,  the  mullimission  capabilities  eurrent  radars  are  presented  to  establish  trends  and  capabilities.  In  the 
second,  the  requirements  of  the  next  generation  system  are  established. 

Current  multimode  radars  lay  the  basis  for  future  systems.  The  experience  gained  on  the  APCi-65  and  APCi  ft 3  70 
radars  is  presented  and  conclusions  are  drawn  regarding  their  impact  on  future  system  requirements.  Not  only  are  modes 
and  performance  reviewed  for  these  radars  but  also  their  system  architecture.  The  discussion  starts  w  ith  the  APCi -(>5  radar 
which  is  the  first  true  multimtssion  radar  with  programmable  signal  and  data  processing.  Following  this,  the  evolution  of  the 
APG-63  radar,  culminating  with  the  most  recent  upgrading  resulting  in  redesignation  to  APCi-70,  is  presented.  The 
incorporation  of  air-to-ground  capabilities  in  the  APCi-70,  resulting  from  the  Dual  Role  lighter  program,  is  reviewed. 
Results  from  the  Advanced  Fighter  C  apabilities  Demonstration  program  are  presented  showing  how  high  resolution  SAR 
was  incorporated  into  a  full  weapon  delivery  solution. 

With  the  context  of  today's  systems  established,  the  specific  radar  requirements  for  the  next  decade  radar  sy  stem  are 
developed.  This  development  is  done  in  two  parts.  First,  mode  requirements  are  synthesized  for  air  superiority,  navigation 
and  strike  interdiction  operation.  Phis  includes  low  altitude  penetration  requirements  and  a  review  of  radar  timeline 
constraints  which  arise.  Second,  the  fundamental  functional  requirements  needed  to  implement  the  mode  requirements  are 
explored.  Architectural  issues  and  their  impact  on  reliability  and  sustainability  are  also  considered. 


DISCISSION 


Dortomb 

Pourquoi  eoiiservct  une  antenne  dc  garde? 

Duel  cmploi  cm  cst  tail'’ 

A  quel  niveau  du  traitemeitt  ('information  de  fantenne  dc  garde  est-elle  utilisce? 

Author's  Reply 

1 1 )  We  have  a  guaid  antenna  mi  older  to  reduce  clutter  m  MPKF  and  for  I  (  Vf  reasons  in  eurrent  radar. 

(2 )  In  future  systems  more  such  auxiliary  apertures  may  be  used  for  sidelobe  jammer  cancellation  reasons 

W.M.Bocrner 

( 1 1  I  lave  y«>u  implemented  polarimetrie  techniques? 

( 2 )  Will  you  soon? 

I })  What  kinds  o(  non-cooperative  target  identification  techniques  (match)  are  you  implementing. 

Author's  Reply 

( 1 )  No.  because  full  advantage  of  increased  range  and  dopplcr  processing  has  yet  to  be  taken. 

(2 )  Probably  not  in  the  next  generation  full  control  multimode  radar  systems 

(  3)  Pngine  modulation  signatures  to  name  one.  T  arget  motion  plume  exhaust  identification. 

R.KIcmm 

<  I )  Do  you  believe  in  the  future  ot  adaptive  signal  processing  (e  g  for  I  (  \1  or  eluttei  reduction  i  ’ 

( 2 )  Will  your  signal  processing  be  fully  digital? 


Author's  Reply 

i  I  I  I  sironglv  believe  that  adaptive  signal  processing  v\if I  he  used  ami  understand  dial  some  of  l he  iicwtsl  huge  udar 
sv  stems  mcoipoiaic  adaptive  processing. 

i?l  Digital  signal  pi  necking  in  expected  lather  than  special  analog  processing. 


F.Wolflt* 

1  oi  lightci  aircraft  there  is  the  strong  requirement  lor  la  rite  antenna  scan  angles  I  low  arc  >ou  going  to  o\creome  the 
deficiency  ot  phased  array  antennas  in  this  respect? 

Author's  Kepl> 

Inlcr-elcnicni  spacing  appropriate  for  scan  angles  of  are  expected  without  going  rise  to  grating  lohex.  I  or  larger 
scan  angles,  associated  with  short  range  tracking  some  grating  lobes  max  be  unavoidable. 


A.Frccman 

You  didn’t  mention  spotlight  mode  SAR  as  one  of  two  options  for  multi-function  airborne  radar 

Author's  Reply 

Spotlight  SAR  will  be  the  primary  SAR  mode  —  in  fact  SAR  strip  mapping  may  not  be  provided. 


R.(«.(.'uthhcrt 

The  opening  address  suggested  that  quantum  improvement  was  required  in  radar  air-to-air  performance  to  offset  the 
reduction  in  echoing  area  and  increase  in  sophistication  of  the  threat.  I  low  do  you  think  that  this  can  be  achieved? 

Author's  Reply 

First.  I  feel  that  we  must  improve  l  CM  resistance  through  techniques  including  increased  tunable  Rb  bandwidth. 
Second,  we  should  look  to  improve  sensitivity  by  superior  signal  processing  and  the  expected  improved  efficiency  of 
active  array  antennas. 
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ABSTRACT 

AGARD  Aerospace  Applications  Study  No.  1 9  (A  AS- 1 9)  recently  addressed  the  “All  weather  capability  of  combat 
aircraft". 

The  study  looked  at  sensors  and  techniques  required  for  the  operations  of  take-off  landing,  navigation  to  and  from  the 
battlefield,  and  target  acquisition.  The  emphasis  was  on  poor  weather  operation  and  included  the  threat  of  Warsaw  Pact 
defences. 

This  paper  presents  details  of  the  millimetre  wave  radar  performance  w  hich  shows  that  with  potentially  available  power 
sources  an  all  weather  capability  can  be  realised. 

Performance  is  evaluated  as  a  function  of  frequency  and  antenna  size,  and  the  use  of  polarimetry  with  wide  bandw  idth 
coherent  processing  is  shown  to  offer  potential  enhancement  for  target  discrimination. 

The  millimetre  wave  radar  is  shown  to  be  potentially  capable  of  satisfying  the  following  functions: 

(i)  Take  off/Landing 

(ii)  Terrain  Following 

(iii)  Area  Correlation 

(iv)  Tercom 

(v)  Acquisition  of  Targets 

The  above  roles  can  be  achieved  in  an  all  weather  environment  making  the  millimetre  wave  radar  a  valuable 
multifunction  airborne  radar. 


VI 
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ABSTR VCT 

The  increasing  performance  demands  for  air  surveillance  assets,  as  well  as  the  necessity  for  continued  surveillar  ' 
operations  in  the  presence  of  enemy  jamming  and  Anti-Radiation  Missile  (ARM)  attacks,  have  increased  interest  in  p  >ive 
surveillance,  in  particular  multi-mode  passive/active  multistatic  sensing.  The  use  of  noncooperative  radiation  as  illuminators 
of  opportunity  combined  with  passive  surveillance  Electromagnetic  Support  Measurement  (ESM)  sensors  opens  new 
horizons  to  multistatic  surveillance  from  a  passive  airborne  platform.  Such  platforms  remain  secure  from  ARM  attacks  and 
can  preserve  operations  in  the  presence  of  a  jammming  environment  while  employing  the  jammer  radiation  as  an  additional 
illuminator  of  opportunity. 

Research  and  field  tests  have  been  conducted  on  ESM  augmented  bistatics  as  well  as  noncooperative  multistalics  which 
support  the  development  of  airborne  multi  mode  passive  surveillance  technology.  This  work  has  been  conducted  under  such 
programs  as  the  Bistatic  Enhanced  Altimeter  Detection  (BEAD)  and  the  noncooperative  multistatic  Passive  Coherent 
Location  (PCI,).  Both  BEAD  and  PC’L  technology  directly  support  the  receiver,  signal  processing  and  target  location 
tracking  operations  necessary  for  passive  airborne  surveillance.  The  demonstrated  technologies  for  EM  interference 
rejection  and  multistatic  multi-target  tracking  and  location  under  PCL  provide  a  promising  performance  bench  mark  for 
passive  surveillance  in  the  presence  of  a  complex  electromagnetic  environment.  Passive  receiver  intercept  performance 
under  BEAD  has  provided  a  receiver  design  baseline  for  both  look -down  and  look-up  surveillance  applications. 

This  paper  will  present  the  technologic*  under  development  in  BEAD  and  PCL.  It  will  also  present  the  field  test  results 
and  the  sensor  concepts.  In  particular,  spin-off  data  such  as  bistatic  look -down  clutter,  noise-floor  limitations  of 
noncooperative  multistalics  and  sensitivity  limitations  set  by  passive  surveillance  using  signal  intercept  techniques  and 
illuminators  of  opportunity  will  be  provided. 
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abstract 


The  Canadian  Department  of  National  Defence  is  developing  a  high  resolution  airborne  spotlight  synthetic  aperture 
radar  (SAR).  To  attain  the  high  contrast,  high  resolution  and  low  geometric  distortion  objectives  of  the  project,  it  is  essential 
that  very  accurate  motion  compensation  be  applied  to  the  radar  returns  to  minimize  the  effects  on  SAR  image  quality  of 
spurious  antenna  phase  center  motion.  The  motion  compensation  system  being  developed  for  the  project  includes  a 
gimballed  master  inertial  navigation  system  (INS)  located  near  the  center  of  gravity  of  the  host  aircraft,  a  strapdown  inertial 
measurement  unit  (IMU)  comprising  gyroscope  and  accelerometer  triads  mounted  on  the  radar  antenna,  as  well  as  Doppler 
velocity  and  barometric  altitude  sensors  for  damping  the  inertial  systems.  The  role  of  the  master  INS  is  to  enable  high 
accuracy  alignment  of  the  strapdown  IMU.  The  raw  sensor  data  are  integrated  using  a  U— D  factorized  Kalman  filter  to 
obtain  optimal  estimates  of  the  motion  of  the  radar  antenna  phase  center  while  the  SAR  window  is  open.  These  data  are  used 
to  adjust  both  the  radar  pulse  repetition  frequency  and  the  phase  and  displacement  of  the  radar  returns. 

Huntec  (70)  Limited  carried  out  the  analysis  of  the  motion  compensation  requirements,  leading  to  the  specification  of 
the  motion  compensation  sensor  configuration  and  accuracy.  The  performance  of  the  motion  compensation  system  has  been 
evaluated  by  detailed  computer  simulation.  This  evaluation  accounted  for  all  major  system  error  sources,  including  errors 
associated  with  sensors,  transfer  alignment  and  computation,  with  the  system  operating  in  a  moderately  turbulent 
environment. 

Results  of  the  evaluations  by  analysis  and  computer  simulation  are  presented. 
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ABSTRACT 

The  Canadian  Department  of  National  Defence  .ias  entered  into  the  Phase  II 
development  of  an  airborne  Synthetic  Aperture  Radar  Motion  Compensation  { SARMC )  system, 
following  a  Phase  I  feasibility  study  which  led  to  the  specification  of  the  SARMC 
sensor  configuration  and  accuracy. 1  This  paper  describes  the  hardware  and  software 
configurations  of  an  airborne  SARMC  system  implemented  on  board  a  Convair  580  research 
aircraft.  The  hardware  configuration  includes  a  gimballed  LTN-51  inertial  navigation 
system,  a  Decca  doppler  radar,  a  baroaltimeter  and  a  Motion  Compensation  Inertial 
Measurement  Subsystem  (MCIMS).  The  MCIMS  is  a  specially  designed  strapped-down 
inertial  measurement  unit  mounted  on  the  ring  gear  of  the  APS-506  radar  antenna.  Since 
motion  compensation  depends  critically  on  knowledge  of  the  MCIMS  orientation  with 
respect  to  the  radar  line-of-sight  to  the  designated  target,  a  laser  alignment 
procedure  was  developed  and  performed  to  calibrate  the  azimuth  encoder  of  the  antenna 
ring  gear.  This  procedure  is  discussed  along  with  experimental  results.  Substantial 
effort  was  dedicated  to  streamlining  the  Kalman  filter  algorithms  in  the  SARMC 
processing  package  to  obtain  a  high  degree  of  robustness  and  computational  efficiency 
while  optimally  integrating  the  information  from  the  motion  compensation  sensors. 
Preliminary  flight  trial  data  are  presented  and  compared  with  simulation  results  to 
indicate  the  level  of  performance  achievable  with  this  optimized  system. 
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ABSTRACT 


Airborne  high  resolution  Synthetic  Aperture  Radar  systems  for  reconnaissance  applications  are  usually  designed  foi 
high  speed  aircraft  platforms  operating  in  medium  to  large  altitudes.  The  sensor  systems  in  most  eases  are  operating  in 
X -band.  This  is  in  contrast  to  civil  airborne  remote  sensing  sensor  systems  which  are  designed  from  L-  over  (’-  to  X -band,  in 
some  cases  operating  simultaneously  in  two  different  bands  providing  more  degrees  of  freedom  for  evaluation. 

Since  some  emphasis  has  recently  been  placed  on  imaging  radar  systems  operating  at  very  low  altitudes  and  at  shorter 
ranges  the  question  again  arises  whether  alternative  frequency  bands  are  useful  for  designing  radar  mapping  systems  to  be 
operated  under  special  constraints  e  g.  the  “penetrating"  radar  reconnaissance  system  operating  at  very  low  levels  day  or 
night. 


Because  one  of  the  possible  carrier  platforms  for  the  penctrator  sensor  system  is  considered  to  be  a  RPY.  available 
space  and  electrical  power  are  of  prime  concern.  This  is  why  mm  wave  technology  is  considered  for  (his  application, 
although  the  “classical"  choice  of  operating  frequency  for  SAR  mapping  systems  is  at  the  lower"  end  of  the  frequency  scale 

In  the  paper  the  basic  system  design  considerations  for  a  high  resolution  SAR  system  operating  at  35  <>11/  or  (ill/ 
are  given. 

First  it  is  shown  that  only  the  focussed  SAR  concept  in  the  side  looking  configuration  matches  the  requirements  and 
constraints.  After  definition  of  illumination  geometry  and  airborne  modes  the  fundamental  SAR  parameters  in  range  and 
azimuth  direetion  are  derived.  A  review  of  the  performance  parameters  of  some  critical  mm  wave  components  (coherent 
pulsed  transmitters,  front  ends,  antennas)  establish  the  basis  lor  further  analysis.  The  power  and  contrast  budget  in  the 
processed  SAR  image  show  s  the  feasibility  of  a  35  M4  (il  1/  SAR  sensor  design. 

The  discussion  oil  he  resulting  system  parameters  points  out  that  this  unusual  system  design  implies  both  benefits  and 
new  risk  areas.  One  of  the  benefits  besides  the  compactness  of  sensor  hardware  turns  out  to  be  the  short  synthetic  aperture 
length  simplifying  the  design  of  the  digital  SAR  processor,  preferably  operating  in  real  time.  A  possible  architecture  based  on 
current  state-of-the-art  correlator  hardware  is  shown.  One  of  the  potential  risk  areas  in  achieving  high  resolution  SAR 
imagery  in  the  nim  wave  frequency  band  is  motion  compensation.  However  il  is  shown  that  the  short  range  and  short 
synthetic  aperture  lengths  ease  the  problem  so  that  correction  of  motion  induced  phase  errors  and  thus  focussed  synthetic 
aperture  processing  should  be  possible. 
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ABSTRACT 

Airborne  Synthetic  Aperture  Radar  iSAR;  Reconnaissance  Svstems  in  the  strip  mapping  mode  are  susceptible  to 
jamming.  The  main  I  CM  threat  is  commonly  understood  to  be  the  ground  oased  sidelohe  jammer  which  includes  a 
sensitive  intercept  receiver  and  a  tracking  capability  to  adapt  the  jamming  power  in  angle,  frequency  and  bandwidth  to 
the  SAR  system.  I  he  most  important  of  several  necessary  I  ('CM  techniques  is  commonly  considered  to  be  a  low 
sidelobc  SAR  antenna  which  also  improves  Mil  performance  I  o characterize  the  I  (  CM  and  cost  effectiveness  ol  such 
an  expensive  antenna  some  measures  are  needed. 

There  are  two  separate  phases:  Intercept  and  Jamming.  Accordingly .  two  gains  are  defined:  Intercept  <  min  and 
Jamming  Gain.  Both  are  based  on  the  evaluation  of  the  Signal-io-  Jammer  plus  (  Inner  plus  Noise  Ratio  in  the  processed 
SAR  image  for  the  configuration  "airborne  sensot -ground  based  jammer"  Both  gains  describe  the  benefits  ol  a  low  side 
lobe  antenna  in  terms  of  jam-free  flight  distance  Intercept  and  target  contrast  enhancement  Jamming 

It  is  shown  that  in  the  most  interesting  case  of  ‘  heavy  "  lamming  both  intercept  and  lamming  phases  are  described  by 
the  same  set  of  equations  if  normalized  to  the  pointing  direction  R  of  the  antenna  h  follows  that  the  Intercept  Ratio  on 
the  ground  equals  the  reciprocal  of  the  target  contrast  m  the  processed  SAR  image,  e  g. 

S  N  ■  _  S  .1  H 
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To  discuss  both  the  intercept  and  jamming  gain  per  lot  nance  of  a  given  SAR  antenna  .(dimensional  ichef  plots  and 
2-dimensional  contour  plots  are  used.  They  allow  the  definition  of  both  gams  directly  I  or  the  parameters  of  a  given  SAR 
reconnaissance  system  the  plots  arc  calculated  in  an  area  of  Ijnnmi  *  iNHnmi  Azimuth  *  Range  By  replacing  the 
existing  antenna  with  uniform  weighting  with  an  antenna  with  2*  dH  lower  sidelobc  level  the  1  (  (  M  effectiveness  in 
terms  of  intercept  gain  and  jamming  gain  is  shown.  Since  the  equations  are  normalized  to  the  pointing  direction  of  the 
sensor  antenna  the  results  are  given  in  relative  terms.  By  including  actual  jammer  parameters  the  I  (  (  M  effectiveness 
may  also  be  given  in  absolute  terms. 
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ABSTRACT 

Airborne  synthetic  aperture  radars  are  systems 
able  to  obtain  high  resolution  ground  images,  by 
day  or  night,  independant  of  weather  conditions. 
Their  applications  are  very  broad,  either  mili¬ 
tary  :  reconnaissance,  or  civilian  :  mapping, 
remote  sensing. 

Following  a  brief  technical  account  (synthetic 
aperture,  pulse  compression),  the  paper  describes 
the  operational  features  of  an  airborne  radar 
system  providing  high  resolution  images  at  long 
range.  Then  a  technical  description  is  given. 

This  system  can  provide  in  real  time,  to  the 
ground,  radar  images  by  using  a  high  rate  data 
link. 

It  consists  of  two  main  parts  : 

-  An  airborne  part  including  the  antenna,  the 
radar  transmi tter-recei ver,  the  data  link  unit. 

-  A  ground  station  that  realises  in  real  time, 
data  reception,  synthetic  aperture  processing 

and  images  exploitation. 

1  -  INTRODUCTION 

The  side  looking  airborne  radars  (SLAR),  using 
synthetic  aperture  technics,  are  systems  able  to 
obtain  high  resolution  ground  images,  uy  day  or 
night,  independant  of  weather  conditions.  Their 
applications  are  very  broad,  either  in  the 
military  or  in  the  civilian  domain. 

In  France,  the  first  studies  started  in  the 
sixty's.  As  for  back  as  1964,  they  allowed  to  have 
some  tens  meters  resolution  radar  images.  Five 
years  later,  a  synthetic  aperture  radar,  using  an 
optical  processing  improved  by  ten  the  radar  reso¬ 
lution.  In  1978,  a  real  time  digital  processing 
was  sucessfully  tested.  All  of  these  experimenta¬ 
tions  have  allowed  to  get,  in  France,  the  know¬ 
ledge  in  the  synthetic  aperture  technics  for 
airborne  radars  111  -  1 5 1 .  They  resulted  in  the 
design  and  the  realization  of  a  side  looking  air¬ 
borne  radar,  described  in  this  paper,  giving  very 
high  resolution  images  at  long  range. 

Such  a  system  ensures  real  time  radar  images 
visualization  on  ground  by  using  a  high  rate 
data-1 ink. 

Following  a  brief  technical  account,  the  paper 
describes  the  operational  features  of  this  system, 
tnen  a  technical  description  is  given  including 
various  up  to  date  techlologica 1  aspects. 
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The  two  dimensions  of  a  radar  image  of  the 
ground  are  defined  respectively  by  the  waves 
propagation  direction  and  by  the  antenna  scanning 
This  scanning  is  realized  by  an  azimuth  antenna 
rotation  for  classical  radar  and  due  to  the 
carrier  displacement  for  the  S.L.A.R.. 


The  image  quality  is  tied  to  the  sensor  reso¬ 
lution.  Two  kinds  of  resolution  can  be  defined  : 

-  the  azimuth  resolution  (along  track  resolu¬ 
tion)  in  a  direction  parallel  to  the  aircraft 
path 

-  the  range  resolution  (across  track  resolu¬ 
tion)  perpendicular  to  the  first  one. 

For  a  classical  SLAR  the  along  track  resolu¬ 
tion  r  is  given  by  : 

with  D  :  radar  range 

i-g  :  azimuth  aperture  equal  to  *./L 
L  :  antenna  length 

i  :  wavelength 

For  instance  D  -  10  km,  =3  cm,  L  ^  1  meter 
gives  r^  =  300  meters. 

The  range  resolution  r^  is  tied  to  the  trans¬ 
mitted  pulse  length  •  by  the  following  relation  : 


with  c  :  1 ight  speed 

For  instance  for  a  pulse  length  of  I  ..s  the 
racar  range  resolution  is  ISO  meters. 

The  radar  image  quality  requires  the  improve¬ 
ment  of  these  two  resolutions.  This  is  realized  by 
using  two  technics  : 

-  synthetic  aperture  technics  for  the  a  long 
track  resolution  improvement 

-  pulse  compression  technics  for  the  across 
track  resolution  improvement 

2. I .  Synthet i c_aperture_ technic 

The  synthetic  aperture  technic  uses  the  radar 
displacement  and  the  processing  of  the  received 
signal  and  synthetizes  a  very  large  equivalent 
antenna  by  moving  a  small  one. 

This  processing  is  matched  to  the  point 
target  signal,  received  by  the  radar  during  its 
illumination  time.  For  a  SLAR,  the  antenna  is 
fixed  at  9CT  to  the  aircraft  course. 

It  is  well  known  that  the  received  signal 
characteristics  are  : 

-  an  amplitude  modulation  which  is  shaped  by 
the  azimuth  diagram  of  the  antenna 

-  a  linear  Doppler  frequency  modulation  due 
to  the  aircraft  speed  and  with  a  spectral  band¬ 
width  8  defined  by  : 


with  *  .  aircraft  speed 


At  the  output  of  the  matched  precessing  the 
signal,  in  the  time  domain  has  a  3  dB  width 

which  is  equal  to  the  inverse  of  the  Doppler 
bandwidth  : 

1 

ra  '  B 

This  width  defines  the  along  track  resolution 
r^  that  is  given  by  : 


V 

=  B 

L 
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This  kind  of  processing  can  be  realized  for 
instance  in  the  time  domain,  by  a  correlation 
between  the  received  signal  and  a  reference 
function  which  has  the  same  phase  law.  This 
law  depends  on  the  geometry  of  the  system. 

2.2.  Py]§e_compression 

Pulse  compression  technics  is  used  in  the 
SLAR  systems,  in  order  to  obtain  very  short  radar 
pulses  and  a  low  peak  power  while  having  high 
energy  level 

The  technic  is  based  on  a  long  transmitted 
pulse,  which  is  linearly  frequency  coded  and  on 
a  matched  filtering  in  the  receiver. 

The  3  dB  pulse  width,  at  the  output  of  the 
receiver  is  equal  to  the  inverse  of  the  signal 
transmitted  bandwidth. 

This  3  dB  pulse  width  defines  the  radar  range 
(or  across-track)  resolution,  and  the  transmitted 
high  energy  ensures  very  long  detection  ranges. 

3  -  OPERATIONAL  FEATURES 

The  SLAR  system  described  in  this  paper  per¬ 
forms  high  resolution  ground  images,  by  day  or 
nigth,  indeperidant  of  weather  condiiions-  The 
improved  image  contrast,  due  to  the  good  resolu¬ 
tion,  makes  easy  the  detection  of  low  radar  cross 
section  targets  in  heavy  ground  and  sea  clutter 
(vehicules,  small,  boats,-..)  and  also  permits 
to  distinguish  two  clutter  regions  having  diffe¬ 
rent  reflectivity  coefficients  •:  (oil  spill 

detection  on  sea...).  In  addition,  these  images 
can  be  superimposed  on  geographical  maps  for  dif¬ 
ferent  comparisons. 

Due  to  these  characteristics,  this  kind  of 
system  offers  a  lot  of  applications  either  in  the 
military  or  in  the  civilian  domain,  for  instance  : 

-  high  resolution  mapping 

-  military  reconnaissance 

-  border  survei 1 1 ance 

-  oil  spill  detection  on  the  sea 

-  iceberg  detection  and  localisation 

-  ship  traffic  monitoring,  etc. 

3.1.  Architecture  of_the_syst.em 

This  system  includes  a  side  looking  airborne 
radar  (SLAR)  carried  by  the  aircraft,  a  data 
link,  and  a  ground  station. 


During  the  mission,  the  SLAR  illuminates  the 
surveyed  area  ;  the  ground  station  receives  the 
informations  transmitted  by  the  aircraft,  per  for¬ 
mes  in  real  time  a  synthetic  aperture  processing 
and  presents  the  ground  images  to  operators. 

The  performances  allows  the  visua 1 isation  of 
the  surveyed  area,  several  hundreds  of  kilometers 
far  from  the  ground  station. 

This  system  architecture  proceeds  from  the 
important  amount  of  information  to  manage  that 
needs  a  huge  processing  capacity  in  order  to 
obtain  in  real  time,  high  resolution  images. 

In  the  airborne  part,  the  modular  design  of 
the  sub-assemblies  (radar  and  da la  - 1  ink  units) 
makes  easier  their  installation  on  board  different 
carriers.  Two  kinds  of  instal lations  are  possible: 

-  in  a  pod  equipped  with  an  air  cooling  fan, 
containing  all  the  units  and  antennas 

-  inside  the  aircraft,  except  for  the 
antennas 

In  the  ground  station,  all  equipements  are 
sheltered  inside  movable  and  airtransportable 
cabins . 

3.2.  9?§crigtion_of_ the _ system 

The  system  is  based  on  a  S.L.A.R.  using  a 
pulse  compression  transmitter-recei ver ,  with  a 
fully  coherent  chain,  and  a  ground  station  that 
realizes  synthetic  aperture  processing  and  images 
display. 

The  radar  vid£o  signal  after  adequate  coding 
is  sent  to  the  data-link  system,  and  in  parallel 
to  high  density  magnetic  tape  recorder.  This 
recorder  is  used,  when  the  data-link  transmission 
is  not  possible  for  operational  reasons  (hills, 
mountains,  aircraft  altitude...).  In  this  case, 
the  radar  signal  is  processed  and  displayed  in 
t.ie  ground  station,  after  aircraft  landing. 

In  the  airborne  part,  the  data-link  unit  uses 
one  transmitter  and  two  small  antennas  located  at 
the  both  ends  of  the  pod.  These  two  antennas  have 
a  360°  total  azimuth  cover.  At  any  time,  one  of 
them  is  slaved  toward  the  ground  station,  by 
using  informations  given  by  the  aircraft  inertial 
navigation  system. 

In  the  ground  station,  the  received  radar 
signal  is  demodulated  and  processed.  The  syn¬ 
thetic  aperture  processing  is  realized  by  a 
digital  real  time  correlator.  After  processing 
the  images  are  displayed  on  T.V.  sets,  and  also 
stoned . 

3.3.  Operational  features 

This  »Mdar  is  fitted  with  several  modes  that 
permit  to  visualize  a  ground  area  located  on  the 
right  or  on  the  left  of  tho  aircraft  course.  For 
each  of  these  modes,  the  swath  has  a  width  of 
some  tens  of  kilometers,  and  the  resolution  is  a 
few  meters  for  the  fixed  targets  modes,  and  a 
few  tens  meters  for  the  me  'ing  targets. 

The  data-Mnk  system  has  a  maximum  range  of 
sevenal  hundreds  of  kilometers,  depending  on  the 
airenaft  altitude.  The  information  rate  is  about 
50  Mbits/s.  The  transmitted  data  includes  the 
digital  radar  video,  the  radar  status  data  and 
different  aircraft  informations  (geographical 
coordinates ,...). 
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In  the  ground  station,  the  real  time  digital 
processing  input  is  the  direct  signal  rereived 
from  the  data-link,  or  the  airborne  tape 
recording. 

Several  modes  for  the  exploitation  are  fore¬ 
seen  in  the  ground  station.  They  allow  a  real  time 
or  a  delayed  exploitation.  At  the  output  of  the 
digital  processing,  the  images  are  sent  towards 
two  T.V.  sets  via  two  images  memories. 

On  the  sere 'ns,  the  operators  can  see  the. 
radar  image  of  the  surveyed  area,  moving  verti¬ 
cally  with  a  speed  whith  is  proportional  to  the 
aircraft's  one. 

These  two  T.V.  sets  allow  one  operator  to 
watch  the  whole  surveyed  area,  while  the  other  has 
the  following  possibilities. 

-  to  examine  only  a  part  of  the  selected 
swath.  For  this  selection  the  operator  uses  cursor. 
Thus  it  is  possible  to  have  localy  on  the  T.V. 
screen  the  best  resolution  of  the  radar. 

-  to  stop  the  image  and  zoom  to  investigate 
details  and  to  obtain  the  geographical  coordinates 
of  an  image  point. 

The  radar  images  are  also  sent  towards 
photographic  film  recorders  with  continuous  paper 
development  and  towards  an  high  density  magnetic 
tape  recorder. 

The  magnetic  tape  can  be  used  : 

-  for  a  delayed  exploitation  of  the  radar 
images  on  the  T.V.  sets 

-  to  achieve  several  images  processing  and 
make,  for  instance  automatic  targets  detection, 
or  image  correlation  between  different  flights. 

4  -  TECHNICAL  DESCRIPTION 

4.1.  S i de _ l^oo king_airborne_ radar 

The  radar  is  composed  of  several  sub- 
assemblies  or  units,  that  contain  all  the  radar 
functions  and  use  high  level  technologies. 

The  transmitter-receiver  unit  uses  SAW 
devices  to  make  pulse  compression.  Thus  it  is 
possible  to  achieve  a  very  high  compression  ratio. 

In  order  to  obtain  a  high  sensitivity  recei¬ 
ver,  this  unit  contains  a  low  noise  microwave 
amplifier  using  field  effect  transistors  (F.E.T.) 
technology.  The  radar  signal  detection  is  ensured 
by  a  fully  coherent  chain,  using  an  ultra  stable 
oscillator. 

The  power  amplifier  unit  contains  a  high  gain 
travelling  wave  tube  (T.W.T.),  associated  to  its 
own  high  voltage  and  power  supply  circuits. 

The  radar  aerial  is  constituted  of  a  flat 
slotted  wave  guides  antenna  which  can  be  moved 
around  the  yam  and  roll  axis.  Thus  it  is  possible 
to  slave  the  antenna  to  the  left  or  to  the  right 
of  the  aircraft  path. 

At  the  output  of  the  transmitter-receiver 
unit,  the  radar  signal  is  sent  to  a  preprocessing 
unit.  This  unit  includes  the  analog  to  digital 
converters  (A.D.C.)  circuits  and  the  preprocessing 
filters.  The  A.D.C.  are  used  to  digitize  the 
radar  signal.  The  number  of  range  bins  digiti¬ 
zation,  defines  the  processed  swath.  This  number 
is  about  ten  thousand.  The  preprocessing  filters 
are  used  to  reduce  the  amount  of  informations  to 
be  transmitted  and  to  be  processed.  These  low-pass 
filters  limit  the  received  Doppler  signal  band¬ 
width,  in  order  to  keep  only  the  useful  spectrum 
needed  by  the  defined  along  track  resolution. 


The  data-link  unit,  includes  a  very  low 
power  travelling  wave  tube  amplifier  and  also  the 
microwave  carrier  generation  circuits.  Before 
amplification  this  carrier  is  modulated  by  a  qua¬ 
dratic  phase  shift  keying  modulator  (QPSK)  which 
is  u  good  compromise  between  the  required  band¬ 
width  and  the  bit  error  rate. 

4.2.  Ihe_ground_ station 

The  ground  station  is  composed  of  an  antenna 
located  on  a  turret,  and  of  two  cabin..,  one  for 
the  processing  unit  and  the  other  for  the  images 
exploitation. 

The  turret  ensures  the  passive  tracking  of 
the  aircraft  during  the  mission,  and  contains  the 
data  receiver  and  a  2  meters  diameter  antenna. 

The  synthetic  aperture  processing  is  located 
in  a  cabin,  and  uses  a  digital  correlator,  to 
compute  in  real  time  for  each  range  bin,  the  cor¬ 
relation  result  between  the  radar  signal  and  a 
reference  function.  This  device  has  a  powerful 

g 

capacity  up  to  the  equivalent  of  10  multiplica¬ 
tions  per  second.  II  is  composed  of  several 
modular  units,  that  realize  the  processing  of 
the  swath.  Each  of  these  units  includes  : 

-  a  large  digital  memory  to  store  the  radar 
video  samples 

-  a  correlator  which  calculates  the  corre¬ 
lation  function  between  complex  signals 

-  a  reference  function  generator.  These 
functions  depends  on  the  range 

In  the  second  cabin  the  exploitation  of  the 
mission  is  ensured  by  two  high  resolution  T.V. 

Sets  (1000  x  1000  points),  associated  with  a 
large  memory  enabling  the  following  functions  : 

-  image  freeze 

-  zoom 

-  symbols  and  markers  generation 

The  exploitation  uses  also  two  alphanumeric 
monitors  to  display  all  the  parameters  of  the 
mission  (radar  modes,  geographical  coordinate 
of  the  aircraft,  or  of  target  located  on  the 
image...).  The  storage  of  the  mission  is  made  by 
two  kinds  of  recorder. 

-  photographic  film  recorders 

-  high  density  magnetic  tape  recorder- 
reproducer 

Each  photographic  film  recorder  is  composed 
of  an  optical  block,  a  paper  transport  unit  and 
electronic  circuits.  The  optical  block  is  equipped 
with  a  He  -  Ne  Laser  source  with  a  spot  diameter 
of  100  um.  This  recorder  provides  a  naper  image 
with  the  following  features  : 

Resolution  :  2000  spots  per  line 

Size  :  200  im  width 

Length  :  up  to  150  m 

CONCLUSION 

The  SLAR  system  described  in  this  publication 
has  high  operational  features  associated  to  an  ur 
to  date  design  that  make  it  a  very  efficient 
product. 

It  has  the  following  high-lights  : 

Operational  aspects  : 


in  4 


-  all  weater,  day  or  night  capabilities 

*  real  time  surveillance 

-  very  high  resolution  mapping  at  long  range 

Technical  aspect  : 

-  syntnetic  aperture  and  pulse  compression 
tecnnics 

-  modular  design  for  easy  installation  on 
different  aircraft. ■ 

-  fully  integrated  and  airtransportable 
ground  station 
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Millimeter  Wave  Transmission  through  Man-Made 
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Abstract 

It  is  quite  well  established  that  millimeter  waves  exhibit  superior  transmission 
features  for  natural  obscurations,  i.e.  mostly  adverse  weather-effects,  if  compared 
to  those  in  the  IR-region.  Therefore  mm-wave  systems  are  competitors  for  military 
surveillance  and  guidance  systems. 

Fcr  these  applications  the  knowledge  of  the  amount  of  degradation  of  nm- Systems  due 
to  obscuration  in  a  battlefield  environment  has  to  be  assessed  in  comparison  to  IR- 
Sensors.  The  results  will  be  important  as  well  for  optimal  sensor  design  as  for  the 
development  of  camouflage  measures. 

The  data  dealt  with  in  this  paper  have  been  gathered  during  various  measurement 
campaigns.  They  cover  smoke  and  dust  trials  with  nun-waves-instrur.entation  systems 
at  47  GHz  and  94  GHz  and  experiments  on  screening  smokes.  All  trials  were  performed 
in  conjunction  with  IR-measurements . 

For  the  dust  and  smoke- trials  a  bistatic  configuration  was  used  with  transmitters 
and  receivers  located  at  two  opposite  sites  across  an  artillery  impact  area. 

Artillery  barrages  of  different  type  of  ammunition  were  fired  into  the  impact  area 
and  the  attenuation  over  the  path  due  to  mud,  soil,  debris  and  smoke  by  tie  deto¬ 
nations  was  measured. 

Results  are  discussed  by  means  of  attenua tion-curves  for  different  transmit,  receive- 
polarizations.  A  comparison  of  the  results  of  the  two  employed  mm-wave  frequencies 
with  the  simultaneously  measured  IR-data  is  given  for  selected  events  and  on  a 
statistical  basis  over  the  whole  measurement  period. 

For  the  experiments  on  screening  smokes  a  monostatic  configuration  was  chosen  with  a 
pulsed  94  GHz  instrumentation  radar  operating  over  a  folded  transmission  path  against 
a  corner  reflector  and  armoured  target  vehicles.  By  recording  the  echos  from  a  number 
of  consecutive  range  gates  the  attenuation  caused  by  the  smoke  as  well  as  the  back- 
scitter  of  the  smoke  cloud  and  the  location  of  scattering  centers  within  the  cloud 
cojld  be  evaluated.  Results  from  optical,  IR  and  radar  smokes  are  discussed  in  the 


paper. 
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SUMMARY 


When  the  heterogeneous  clutter  field  spanning  the  spatial  sampling  sliding  window 
can  be  modeled  as  two  contiguous  homogeneous  clutter  fields  with  the  statistical  parameters 
of  each  field  unknown  and  independent  from  field  to  field  and  with  the  transition  point 
between  fields  also  not  known,  then  the  cell  averaging  CFAR  performance  significantly 
degrades  yielding  target  masking  effects  and  loss  of  false  aLarm  regulation.  For  the  same 
defined  and  encountered  environment  spanning  the  sliding  windows,  the  performance  degrada¬ 
tion  effects  are  shown  to  be  largely  eliminated  when  a  newly  developed  class  of  CFAR  test 
is  employed  designated  as  Heterogeneous  Clutter  Estimating  CFAR's  (HCE-CFAR) .  The  test 
initially  involves  the  combined  use  of  multiple  Hypothesis  testing  and  maximum  likelihood 
estimation  procedures  to  estimate  the  statistical  parameters  of  each  of  the  two  fields, 
and  the  transition  point  between  them,  and  then  makes  use  of  the  relevant  estimated  clutter 
field  parameters  to  effect  the  final  decision  rule.  HCE-CFAR  Designs  are  presented  for 
both  the  cases  when  the  contiguous  fields  have  Rayleigh  first  order  probability  distribu¬ 
tions,  and  log  normal  probability  distribution.  However,  the  focus  of  the  development  and 
the  conducted  performance  evaluation  is  for  the  Rayleigh  clutter  cases. 


1.  INTRODUCTION 

For  a  homogeneous  Rayleigh  distributed  clutter  limiting  environment,  automatic  target 
detection  modes  (commonly  referred  to  as  cell  averaging  CFARs)  can  bo  designed  which  pro¬ 
vide  efficient  detection  and  constant  false  alarm  rate  (CFAR)  operation  by  a  spatial 
sampling  of  the  resolution  cell  outputs  in  a  sliding  window  surrounding  the  cell  which  is 
under  test  for  the  presence  of  a  target  {1,21.  The  modelling  constraint  imposed  (in  the 
above  cited  references)  is  that  the  clutter  field  spanned  by  the  sliding  window  is  either 
a  homogeneous  one  (that  is  to  say,  the  statistical  parameters  in  each  of  the  resolution 
cells  covered  by  the  sliding  window  and  governing  the  detection  output  of  each  cell  are 
Identical),  or  that  the  clutter  field  is  a  heterogeneous  one  but  where  the  functions 
controlling  the  values  of  the  statistical  parameters  over  the  parameter  space  are  known, 
a-priori,  within  scaling  constants.  However,  when  the  sliding  window  is  spanned  by  two 
different  and  contiguous  homogeneous  clutter  fields  with  the  ceil  under  test  embedded  in 
only  one  of  these  fields  and  with  no  a-priori  assumptions  introduced  of  the  relative 
levels  of  the  parameters  of  these  two  fields  or  at  what  resolution  cell  the  transition 
between  the  two  clutter  fields  take  place,  then  it  is  shown  [1,2]  that  the  detection  per¬ 
formance  significantly  dogrades--false  alarm  regulation  is  no  longer  maintained,  and 
serious  target  masking  is  introduced. 

Motivating  the  subject  Constant  False  Alarm  Rate  (CFAR)  development  is  the  fact  that  a 
number  of  frequently  encountered  clutter  phenomena  involve  interfaces  of  clutter  fields 
with  markedly  different  intensities  of  backseat  ter ing ,  for  example:  sea  to  land,  dry  to 
moist  terrain,  non-masked  to  masked  terrain,  light  to  dense  foliage  fields,  and  resolution 
cells  free  of  clutter  to  resolution  cells  in  a  rain  or  chaff  cloud.  Synchronously  gated 
or  pulsed  noise  jamming  is  another  possibly  encountered  radar  environment  adhering  to  the 
same  type  of  transition  between  interference  fields. 

A  newly  developed  class  of  CFAR  tests,  the  subject  of  the  paper,  designated  as 
Heterogeneous  Clutter  Estimating  CFAR's  (HCE-CFAR)  is  free  of  the  a-priori  assumptions  of 
the  heterogeneous  clutter  fields  introduced  in  the  earlier  work  'above  cited  references) 
and  overcomes  the  performance  degradation  effects  noted  in  these  references  for  the  classes 
of  non-uniform  clutter  models  considered. 

1.1  HETEROGENEOUS  CLUTTER  FIELD  MODEL  EMPLOYED  IN  THE  HCE-CFAR  DEVELOPMENT 

The  heterogeneous  clutter  model  employed  in  the  HCE-CFAR  development  is  a  construct 
of  a  number  of  contiguous  homogeneous  clutter  fields  covering  the  radar  parameter  space 
but  with  the  constraint  imposed  that  no  more  than  two  of  these  clutter  fields  span  the 
sliding  window  at  any  one  time.  (One  homogeneous  clutter  field  encompassed  by  all  the 
sampling  cells  in  the  sliding  window  is  also  an  admissable  subset  of  the  model.)  The 
underlying  statistical  parameters  of  each  clutter  field  are  independent  of  one  another  and 
are  assumed  to  be  unknown,  and  the  transition  points  between  fields  are  also  assumed  un¬ 
known.  The  sampled  envelope  detected  outputs  of  all  resolution  cells  of  all  the  clutter 
fields  are  statistically  independent,  and  these  observed  random  variables  are  assumed  to 
have  the  same  form  of  first  order  probability  distribution.  For  example,  they  arc  all 
Rayleigh,  or  log-normally  distributed.  The  model  also  includes  the  assumption  that  jumps 
in  the  carrier  frequency  can  be  effected  which  yield  statistically  independent  frames  of 
data  without  changing  the  underlying  statistical  parameters  of  the  modeled  probability 
distributions . 
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While  the  described  heterogeneous  clutter  model  provides  an  appropriate  description 
of  some  radars,  or  radar  modes,  and  their  encountered  heterogeneous  clutter  limiting  en¬ 
vironment*  it  obviously  is  unsuitable  for  others.  In  addition,  for  this  initial  work, 
the  sensitivity  of  the  HCE-CFAR  designs  to  encountered  clutter  deviating  from  the  stated 
heterogeneous  clutter  model  has  not  been  established. 

1.2  BASIC  CONCEPT 

The  concept  of  the  HCE-CFAR  design  is  outlined  in  Fig.  1.  Based  on  the  N  spatial 
sampled  outputs  included  in  the  sLiding  window,  estimates  are  first  made  of  the  statis¬ 
tical  parameters  of  each  of  the  two  clutter  fields  sampled  by  the  N  cells,  and  of  the 
transition  point  between  them.  The  combination  of  maximum  likelihood  estimates  and 
multiple  hypothesis  tests  are  used  to  make  the  estimates.  The  statistical  parameters  of 
the  relevant  clutter  field,  that  is  to  say,  the  clutter  field  which  is  estimated  to  have 
the  cell  under  test  embedded  in  it  are  then  used  to  form  the  decision  stati Stic- - the 
function  of  the  observables  used  in  the  final  decision  rule.  The  detection  threshold  is 
made  a  function  of  the  inputed  design  single  cell  false  alarm  probability  (P^)  and  the 
number  of  samples  (n)  which  are  estimated  to  be  in  the  relevant  clutter  field. 


PAOAR  RESOLUTION  CELLS 


FIGURE  1  CONCEPT  OF  A  HETEROGENEOUS  CLUTTER  ESTIMATING  CFAR 


The  HCE-CFAR  design  concept  is  i 1 ! us: r  it ed  here  for  the  clutter  models  exhibiting 
Rayleigh  first  order  probability  di stribut  ions  describing  the  sampled  envelope  detected 
outputs,  and  also  those  ciuiter  fields  which  are  best  characterized  by  the  log-normal 
probability  distribution.  Referring  to  Fig.  1,  it  is  noted  that  for  the  Rayleigh  distri¬ 
buted  clutter  case,  the  statistic  i  L  parameter  estimated  for  each  of  the  two  clutter  fields 
is  the  quantity  ‘(J2)  which  is  proport ional  to  the  variance  of  the  envelope  detected  output 
tx) .  and  for  the  log -norma  I iy  distributed  clutter  case,  two  statistical  parameters  (m  and 
(j 1 )  are  estimated  for  each  o:  the  two  duties  fields.  (These  parameters  are  the  mean 
and  variance  of  the  Normal  di  , '  r  i  h-.u  i  on  describing  the  natural  logarithm  ol  the  envelope 
detected  output  of  the  sampled  flutter  iield.) 

An  alternate  CFAK  technique  [ 1 ] , [  « 1  for  accommodating  the  two  clutter  fields  spanning 
the  o  threshold  control  cells  simply  invol  .vs  estimating  the  residuaL  clutter  level  on 
each  side  of  the  cell  under  test,  and  using  the  greatest  of  these  two  estimates  to  set  the 
detection  threshold.  While  this  procedure  w^.rks  well  in  controlling  the  false  alarm  rate 
when  the  clutter  field  at  the  edge  has  a  low»-r  clutter  level  than  the  clutter  field  en¬ 
compassing  the  cell  ‘under  test,  it  is  not  de  *gned  to  overcome  the  significant  target 
masking  effect  which  results  when  l he  cells  at  the  edge  are  in  a  clutter  field  with  a 
higher  clutter  backseat tering  level  than  the  clutter  field  in  which  the  cell  under  test 
is  embedded. 


FORMULATION  OF  THE  HETEROGENEOUS  Cl, UTTER  ESTIMATING  GEAR  FOR  RAYLEIGH  DISTRIBUTED 
CLUTTER 


.  I  DEVELOPMENT  OF  THE  UNBIASED  VERSION  OF  THE  HCE-CFAK  UKSLG! 
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.  l'.«  N  i.  .  i.  •  :s  and  sampled  resolution  cell  envelope  detected  outputs  of  the  sliding 

•vini.w  i  1 . 1 1  are  assumed  to  span  two  different  clutter  backseat  ter  i.ng  media.  The 

•  v  o'.  -  i *  i  •  A  :u.  el  utter  field  to  another  takes  place  after  the  resolution  cells, 

■  t  :  ■  ■  5“  i  *'  ” .  (J <  (jj  ;  uni  f.  r  i  >M.Cf[  -  CfS-  The  heU-ru&enoous  clutter  estimator  involves 

:  :  ndirv.  est  i  .-.a  t  «i  (jj  and  0'S  and  the  transition  cell  (M)  based  on  the  set  of  observables 

v  .  The  d*.ve  1  •  :>:~ent.  starts  “with  the  formation  of  the  likelihood 


wrui'e  H  is  the  hypothesis  that  the  transition  of  the  two  clutter  fields  takes  place  after 
Lite  •  Lh  cell.  (There  are  N-i  hypotheses  of  where  the  transition  occurs  within,  the  span 
ei  the  N  cells  with  observed  outputs  y^  >.  For  the  Ll1  hypothesis,  the  maximum  likelihood 
»  at ima tes  rr  ? ,  ,  and/y?  v  are  determined  from  the  equations 

u  l  (  )  u  2  (  ■  )  1 


din  [. 


Sill  u 

*cru-\ 


(3) 


The  estimates  •  (J  j  (  j  and  ^  are  formulated  in  Fig.  J .  Substituting  0“  |  ^  ^  and  (j  \  ^  ^ 
in  the  expression  for  In  I,,  maximizes  this  likelihood  function  for  the  H  hypothesis. 
Eliminating  the  constant  term  N  in  In  L,  yields  1.'  (see  Fig.  «?)  which  is  a  monotonical ly 

related  expression  to  the  maximized  1 ikelihood  L.  The  estimate  of  the  sampled  clutter 
fields  may  now  be  determined.  The  estimate  oi  the  transition  cell  M  is  defined  as  the 
Gc^  cell,  and  H(,  is  any  one  of  the  hypotheses  H  which  maximize  the  likelihood  expres¬ 
sion,  or 


1.2... , N- 1 


The  corresponding  estimates  and^ji  are 
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Thus,  a  complete  description  ol'  the  sampled  clutter  fields  has  been  achieved.  The 
estimated  field  partition  point  (after  the  t;Ln  cell)  is  then  compared  with  the  position 
of  the  cell  under  test  (N^.)  in  order  to  determine  the  relevant  clutter  field  for  the  CFAR 
test  (i.e.,  the  one  which  has  the  cell  under  test  embedded  in  it),  jnd,  also  the  number 
(n)  of  statistically  independent  samples  of  the  clutter  field  employed  in  making  the 
estimate  (fj, .  The  alternate  hypothesis  test  for  the  presence  or  absence  of  a  target 
return  in  the  cell  under  test  involves  a  comparison  of  the  test  cell  output  v._  with  the 
threshold  K20*2..  The  threshold  proportionality  constant  K *  is  determined  fur  a  specified 
single  cell  false  alarm  probability  P~..  If  the  estimate  of  the  partition  point  between 
the  two  fields  was  exact,  then  the  false  alarm  probability  expression  developed  in 
Ref.  [2]  would  apply 


with  the  number  of  cells  n  interpreted  as  in  the  on  -c  coding  discussion  and  yielding  the 
expression  of  K2  presented  in  Fig.  2. 

In  this  manner,  if  the  partitioning  point  of  the  two  clutter  fields  spanned  by  the 
N  threshold  control  cells  is  accurately  estimated,  the  false  alarm  probability  will  be 
close  to  the  design  value. 

Only  a  single  frame  of  tl.c  N  resolution  cells  sampling  the  clutter  fields  has  been 
assumed  to  be  available  for  the  HCE-CFAR  formulated  here.  If,  in  fact,  Np  statistically 
independent  frames  of  the  N  resolution  cell  outputs  are  available  for  use  in  the  HCE-CFAR 
design,  the  number  of  statistically  independent  samples  in  each  resolution  cell  is 
increased  from  unity  to  Np,  and  the  values,  for  example,  of  ,  N  and  n  in  the  presented 
equations  must  now  each  be  multiplied  by  the  number  Np. 

2.2  BIASED  VERSION  OF  THE  HCE-CFAR  DESIGN 

The  unbiased  HCE-CFAR  design  described  in  the  preceding  section  involves  giving  equal 
weights  to  each  of  the  hypotheses  of  where  the  transition  from  one  field  to  another  takes 
place.  However,  to  make  the  HCE-CFAR  concept  provide  a  satisfactory  control  of  the  false 
alarm  rate,  especially  when  only  a  single  carrier  frequency  is  employed,  it  is  necessary 
to  'bias'  the  multiple  hypothesis  test  in  favor  of  the  hypothesis  that  the  cell  under 
test  is  embedded  in  the  more  intense  clutter  field. 

The  rationale  for  the  biased  version  of  the  test  is  made  clear  by  viewing  (see  Fig.  3) 
the  cases  of  the  cell  under  test  being  in  the  more  and  less  intense  clutter  fields  and  the 
consequence  of  transition  point  estimating  errors  for  each  case.  In  both  cases,  the  trans¬ 
ition  point  error  can  erroneously  ’place’  the  cell  under  test  in  the  wrong  clutter  field. 
When  the  cell  under  test  is  in  the  more  intense  clutter  field  (the  upper  sketch),  an  error 
placing  it  in  the  less  intense  ciuLter  field  will  yield  a  highly  probable  false  alarm 
event,  causing  an  increased  false  alarm  rate.  On  the  other  hand,  the  reverse  situation, 
(depicted  in  the  lower  sketch)  yields  a  highly  probable  false  dismissal  (or  target  masking) 
event,  which  does  not  appreciably  affect  the  overall  detection  probability.  Since  CFAR 
control  is,  typically,  of  paramount  concern,  the  test  is  biased  towards  a  regulation  of 
the  false  alarm  probability  at  the  expense  of  some  masking  events  but  with  the  target 
detection  performance  still  substantially  better  than  that  obtained  with  the  conventional 
cell  averaging  CFAR  for  the  same  non-uniform  clutter  fields. 

The  desired  modification  is  effected  by  introducing  a  test  of  the  alternate  hypotheses 
of  whether  the  cell  under  test  is  in  the  more  intense  clutter  field  or  not  and  ’biasing’ 
this  alternate  hypothesis  test  in  the  direction  of  accepting  the  hypothesis  that  the  cell 
under  test  is  in  the  more  intense  clutter.  (The  test  is  designated  here  as  the  .(+)/,(-) 
test.)  The  developed  alternate  hypothesis  test  is  again  based  on  the  use  of  the  observed 
square  law  detected  outputs  of  the  N  surrounding  threshold  control  cells  and  involves 
computing  the  ratio  of  the  maximum  likelihood  that  the  cell  under  test  is  in  the  more 
intense  clutter  field  to  the  maximum  likelihood  that  it  is  not.  The  ratio  of  these  maximum 
likelihoods  is  then  compared  to  a  fixed  number,  and  if  greater  than  or  equal  to  the  con¬ 
stant,  the  more  intense  clutter  field  hypothesis  is  accepted,  and  the  clutter  field 
estimates  used  in  developing  the  maximum  likelihood  under  the  hypothesis  that  the  cell  under 
test  is  in  the  more  intense  clutter  are  used  in  establishing  the  threshold.  If  the  ratio 
is  not  greater  than  the  constant,  then  the  estimates  of  the  clutter  field  yielding  the 
maximum  likelihood  under  the  hypothesis  that  the  cell  under  test  is  in  the  less  intense 
clutter  field  are  employed  in  the  threshold  control  procedure.  The  ’bias’  to  the  test  is 
introduced  by  setting  the  constant  to  a  value  less  than  unity.  Since  logarithms  of  these 


ESTIMATED  CLUTTER  FIELD  LEVELS 
AND  TRANSITION  POINT  (M'l 
(ESTIMATED  AS  7  H  CONDITION) 


RESULTS  IN  A  TOO  LOW  ESTIMATE  OF  THE  CLUTTER  LEVEL  (AND  REQUIRED  THRESHOLD) 
FOR  THE  CELL  UNDER  TEST  -  YIELDS  A  HIGHLY  PROBABLE  FALSE  ALARM  EVENT 


-  CAN  SIGNIFICANTLY  DEGRADE  CFAR  PERFORMANCE 


TRUE  CLUTTER  FIELD  LEVELS 
AND  TRANSITION  POINT  IM) 

(7  M  CONDITION! 


RESULTS  IN  A  TOO  HIGH  ESTIMATE  OF  THE  CLUTTER  LEVEL  (AND  THE  REQUIRED  THRESHOLD) 
FOR  THE  CELL  UNDER  TEST  -  YIELDS  A  HIGHLY  PROBABLE  FALSE  DISMISSAL  (TARGET 
MASKINGI  EVENT 


-MORE  BENIGN  EFFECT  ON  OVERALL  DETECTION  PROBABILITY  - 


FIGURE  3  SKETCH  OF  CLUTTER  FIELD  ESTIMATING  f  RROR  EVENTS  (WHEN  THE  TRANSITION 
POINT  OCCURS  NEAR  THE  CELL  UNDER  TESTI  YIELDING  FALSE  REPORTS  IN  THE  HCE  CFAR 
DESIGN.  (RATIONALE  FOR  THE  7(+).7(-l  ’BIASING  HYPOTHESIS  TEST.  AND  MULTIPLE 
FREQUENCY  OPERATION.) 


maximum  likelinoods  are  employed  in  the  development,  the  ratio  becomes  a  difference  of 
the  two  likelihood  quantities,  and  the  constant  value  less  than  one  becomes  a  negative 
number.  (Since  the  introduction  of  such  an  added  biasing  test,  in  effect,  distorts  the 
estimate  of  the  encountered  non-uniform  clutter  field,  it  would  not  be  included  in  a 
clutter  'mapping’  function  of  the  radar.) 

A  flow  chart  describing  the  development  of  this  alternate  hypothesis  test  of  where 
the  cell  under  test  is  located--the  more  or  less  intense  clutter  field,  and  how  it  is 
employed  in  the  CFAR  test  is  presented  in  Fig.  4.  The  CFAR  procedure  described  in  the 
flow  chart  of  Fig.  4  also  includes  the  alternate  hypothesis  test  of  whether  the  N 
threshold  control  cells  are  sampling  one  uniform  clutter  field  or  two  completely  inde¬ 
pendent  clutter  fields.  If  the  one  field  hypothesis  is  accepted,  then  the  detection 
procedure  reverts  to  the  simple  ceil  averaging  CFAR  procedure.  (This  test  is  designated 
here  as  the  U/H  test.)  If  che  two  field  hypothesis  is  accepted,  then  the  alternate 
hypothesis  test  of  whether  the  target  cell  is  in  the  more  or  less  intense  clutter  field 
is  conducted. 

If  the  thresholds  of  the  t (+)/>(-)  and  U/H  alternate  hypothesis  tests  are  set  to 
unity,  (or  zero  for  the  logarithmic  versions),  then  the  HCE-CFAR  design  reverts  to  the 
unbiased  version  described  in  Sec.  2.1  and  the  fLow  chart  of  Fig.  2,  with  the  uniform 
clutter  field  hypothesis  (the  transition  point  at  M=0)  added  to  the  N-l  hypotheses  of 
where  the  transition  between  the  two  clutter  fields  takes  place. 

Moreover,  while  the  subject  'biasing'  tests  are  formally  introduced  here  as  the 
addition  of  separate  alternate  statistical  hypothesis  tests,  they  can  also  be  interpreted 
and  implemented  by  applying  the  appropriate  weights  to  the  multiple  hypothesis  maximum 
likelihood  heterogeneous  clutter  field  estimation  procedure  described  in  Sec.  2.1  and  the 
flow  chart  of  Fig.  2. 

3.  DERIVING  PERFORMANCE  DATA  FOR  THE  HCE-CFAR  AND  ’CELL  AVERAGING’  CFAR  WHEN  BOTH  ARE 

OPERATING  IN  THE  SAME  NON-UNIFORM  CLUTTER  ENVIRONMENT 

3.1  HCE-CFAR  EVALUATION  METHOD 

In  Sec.  4,  a  performance  evaluation  of  the  biased  version  of  the  HCE-CFAR  (described 
in  Sec.  2.2)  is  presented.  The  evaluation  involves  a  comparison  with  the  conventional 
ceLl  averaging  CFAR  design  when  both  are  operating  in  the  same  'split  field'  Rayleigh 
distributed  clutter  environment,  and  the  target  to  be  detected  is  modeled  as  a  Swerling 
Case  #1  Type. 

For  the  inputed  partitioned  two-clutter  field  statistically  defined  environment, 
embraced  by  the  N  threshold  control  cells,  each  replication  involves  the  generation  of  the 
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N(Np)  statistically  independent  Rayleigh  distributed  envelope  detected  outputs  of  the  N 
threshold  control  cells  spanning  the  two  clutter  fields  and  the  Np  frames  each  assumed  to 
be  developed  at  a  different  carrier  frequency  and  yielding  statistically  independent  sets 
of  N  returns.  The  heterogeneous  clutter  field  estimating  CFAR  procedure,  as  outlined  in 
Sec.  2.2  and  Fig.  4,  is  then  employed  to  determine  the  estimate  I(j2.)  and  the  number  n  of 
samples  employed  in  sampling  what  is  'tagged'  to  be  the  relevant  clutter  field.  The 
threshold  T  =  K2 is  computed  with  the  value  of  K2  determined,  as  docribed  in  Sec.  2.2 
as  a  function  of  both  the  inputed  design  false  alarm  probability  and  the  number  of  samples 
n  used  in  estimating  (j2.  on  that  replication.  The  computed  threshold  T  for  each  replication 
is  then  used  to  determine,  analytically,  a  conditional  probability  of  false  alarm  and  de¬ 
tection  on  the  hypothesis  that  the  computed  threshold  is  T.  For  the  single  variate 
detection  of  a  Rayleigh  distributed  target  (Swerling  Case  #1)  with  a  received  signal  to 
noise  ratio  of  X,  the  conditional  detection  probability  is  expressed  as 


P'  =  exp 


[-  "  ”  “1 
L  0-2(1  +  X) 


and  the  corresponding  value  of  the  single  cell  false  alarm  probability 


■U] 


with(j|  defined  as  the  inputed  true  value  of  the  statistical  pa ramef  er  (<j  of  the  clutter 
field  with  the  test  cell  embedded  in  it.  The  final  estimate  of  and  PpA  are  obtained 
by  taking  the  average  over  all  replications  of  the  defined  P'  and  Pi,  obtained  on  each 
replication.  u  bA 

The  P^  and  Pp.  of  the  UCE-CFAR,  when  operating  with  the  two  Rayleigh  fields  spanning 
the  window,  are  independent  of  the  clutter  level  (J^.  of  the  cell  under  tost,  but  can  be  a 


function  of  the  clutter  parameters,  M  and  ». 


and  <j|  is  the  Rayleigh  parameter  for 


the  output  of  a  cell  in  the  edge  field.)  Therefore,  the  performance  evaluation  is  con¬ 
ducted  as  a  function  of  M  and  ,.  The  HCE-CFAR  is  exactly  a  CFAR  detector  when  only  one 
homogeneous  Rayleigh  distributed  field  spans  the  window.  For  this  case,  M  has  the  value 
of  zero  and  ,  of  one.  (The  HCE-CFAR  detection  efficiency  relative  to  that  of  a  cell 
averaging  CFAR  for  this  one  field  case  is  also  presented  in  Sec.  U.) 


3.2  CELL  AVERAGING  CFAR  EVALUATION  METHOD 


Using  the  analysis  procedure  of  Ref.  2  (Appei.  lix  5)  (applied  for  the  Swerling  Case  // 3 
Target  Type),  it  is  easy  to  show  for  the  Swerling  Case  if  1  Target  Type,  that  the  detection 
probability  of  a  cell  averaging  CFAR  for  the  situation  when  the  N  sampled  cells  span  two 
different  Rayleigh  clutter  fields  may  be  expressed  as 


(10)  with  i  =  (11) 

N( 1+X) 


(X  is  the  signal  to  noise  ratio.)  From  Eq.  (10),  the  corresponding  expression  for  the 
singLe  cell  false  alarm  probability  can  be  obtained  by  setting  X  equal  to  zero  yielding 


Equations  (10)  and  (12)  express  cell  averaging  CFAR  performance  for  the  case  when  a 
single  frame  of  N  resolution  cell  samples  of  the  clutter  fields  is  used  to  estimate  the 
clutter  level  and  set  the  threshold.  When  more  than  one  statistically  independent  frame 
of  the  N  cell  outputs  is  employed  for  this  function  (say,  Np  frames),  then  the  value  of 
N  in  these  equations  must  be  replaced  by  the  product  of  N  and  Np.  and  similarly  the  value 
of  M  must  be  replaced  by  the  product  of  M  and  Np. 

U .  PERFORMANCE  EVALUATION  OF  THE  HETEROGENEOUS  CLUTTER  ENVIRONMENT  CFAR 

Detection  and  false  alarm  probabilities  for  a  wide  domain  of  the  modeled  non-uniform 
clutter  conditions  are  presented  for  three  representative  HCE-CFAR  designs  and  correspond¬ 
ing  cell  average  CFAR  designs.  (See  Figs.  5  through  12.)  In  general,  the  HCE-CFAR  designs 
are  noted  to  overcome  the  performance  degradations-- target  masking  and  increased  false 
alarm  rates- -experienced  by  the  cell  averaging  CFAR  when  encountering  the  non-uniform 
clutter  environment.  If  ,  is  defined  as  the  ratio,  expressed  in  dB,  of  the  clutter  level 
of  the  cell  under  test  to  the  level  existing  at  the  edge,  it  is  noted  chat  for  positive 
,  's,--the  condition  of  the  cell  under  test  being  in  the  more  intense  clutter--the  cell 
averaging  CFAR  false  alarm  probability  increases  unacceptably  from  its  design  value, 
especially  at  the  value  of  positive  >  becomes  large  and  as  the  transition  point  M  between 
the  two  fields  approaches  the  cell  under  test.  On  the  other  hand,  each  of  the  three 
illustrated  heterogeneous  clutter  estimaging  CFAR  designs  are  noted  to  effect  a  control  of 
the  false  alarm  probability  for  the  same  encountered  non-uniform  clutter  conditions. 

When  the  cell  averaging  CFAR  encounters  a  clutter  field  of  negative  (i.e.,  when  the 
clutter  field  at  the  edge  of  the  threshold  control  cells  are  in  the  more  intense  clutter 
than  the  clutter  field  encompassing  the  cell  under  test),  the  detection  probability  is 
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drastically  reduced  with  targets  essentially  completely  masked  for  a  wide  domain  of  non- 
uniform  clutter  conditions.  Conversely,  the  representative  HCE-CFAR  designs  when 
encountering  the  same  non-uniform  clutter  environments  maintain  a  relatively  good  d  ction 
capability  for  most  of  the  non-uniform  clutter  fields  considered  (see  Figs.  6,  8,  1  and 
12).  [The  relatively  high  detection  probabilities  of  the  cell  averaging  CFAR,  when  en¬ 
countering  a  positive  ■  non-uniform  clutter  condition,  is  achieved  at  the  expense  of 
unacceptable  large  increases  in  the  false  alarm  probability  ovr  the  design  value.] 

Each  of  three  representative  HCE-CFAR  designs  involves  the  use  of  a  different  number 
of  statistically  independent  frames  of  the  sampled  non-uniform  clutter  fields.  A  single, 
two,  and  four-carrier  frequency  design  are  represented.  For  the  multiple  frequency  design, 
the  incremental  change  in  carrier  frequency  from  one  transmiss ion- -or  group  of  transmis¬ 
sions  in  the  MT1  radar  caso--to  another  is  assumed  to  yield  statistically  independent 
clutter  returns,  but  with  no  perturbation  of  the  underlying  statistical  parameters. 

An  intuitively  satisfying  result  is  that  of  the  three  pvesentat ive  HCE-CFAR  designs 
presented,  the  best  performing  one  (see  Figs.  5  through  8)  is  the  one  based  on  the  most 
frequencies  of  operation  (or  statistically  independent  frames  of  data)  namely  four.  The 
second  best  performing  design  (see  Figs.  9  and  10)  involves  the  two  frequency  operation 


case.  Obviously,  as  che  number  of  statistically  independent  frames  of  the  N  cells  sampling 
the  non-uniform  clutter  field  increases,  a  more  accurate  estimate  can  be  made  of  the  en¬ 
countered  non-uniform  clutter  field,  leading  to  a  more  effective  HCE-CFAR  design.  A  view 
of  the  RMS  and  mean  errors  made  in  the  estimation  of  the  transition  point  between  the  two 
clutter  fields  (Figs.  13  and  14)  also  illustrates  this  behavior.  A  significant  reduction 
in  these  errors  is  noted  to  take  place  when  the  number  of  statistical ly  independent  frames 
of  data  is  increased.  Since  in  many  radar  applications,  frequency  hopping  is  employed,  any 
way,  to  force  a  decorrelation  of  the  target  and  clutter  returns  for  improved  detection,  the 
additional  frames  of  statistically  independent  clutter  returns  may  be  available  for  use  in 
an  HCE-CFAR  design. 
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large  values  of  ..  And,  in  fact,  the  best  performance  for  each  of  the  three  designs  is 
noted  to  be  obtained  at  the  largest  positive  and  negative  values  of  .  for  which  the  detec¬ 
tion  and  false  probabilities  were  determined  (±  30  dB)  .  On  the.  other  hand,  the  per: ornance 
of  the  cell  averaging  CFAR  is  noted  to  degrade  rapidly  as  the  absolute  value  of  .  increases, 
and  exhibits  its  worst  performance  at  these  Largest  values  of 

The  detection  performance  in  uniform  clutter  of  the  HCF-CFAR  designs  and  the  corre¬ 
sponding  cell  averaging  CFAR  designs  is  obtained  for  the  ca.c  of  M--ihe  transition  point-- 
made  equal  to  zero.  For  the  four  frequency  HCE-CFAR  design,  the  detection  efticiencv  in 
uniform  clutter  is  determined  to  be  within  .048  dB  of  that  achievable  with  a  four  frequency 
cell  averaging  uFAR  design.  The  additional  CFAR  loss  of  the  two  and  one  frequency  HCE-CFAR 
designs  relative  to  that  corresponding  two  and  one  frequency  HCE-CFAk  designs  is  0 .  58  Ch 
and  0.85  go  respectively.  In  uniform  clutter,  the  HCE-CFAR  designs  ire  also  sh >vm  to  be 
exactly  CfA.v  in  performance. 

When  the  performance  is  presented  of  an  HCE-CFAR  design  based  on  the  use  of  multiple 
statistically  independent  frames  of  data --assumed  to  be  achieved  by  multiple  frequency 
operation,  tne  accompanying  cell  averaging  CFAR  performance  is  based  on  the  use  of  the  same 
number  of  frequencies.  However,  only  a  single  statistically  independent  target  sample  is 
employed  in  the  computation  of  the  detection  probability  for  the  mull  ip U  frequency  HCE- 
CFAR  and  cell  averaging  CFAR  designs.  Consequently,  these  multiple  frequency  results  are 
applicable  for  the  evaluation  of  each  stage  of  an  >1  of  detection  scheme.  N  transmissions, 
each  at  a  different  carrier  frequency  are  assumed,  the  received  data  in  each  resolution  cell 
are  stored,  and  the  detection  decision  at  each  stage  is  deferred  until  the  HCE-CFAR  thresh¬ 
olds  based  on  the  N  statistically  independent  frames  of  clutter  return  data  are  received. 

5.  HETEROGENEOUS  CLUTTER  ESTIMATING  CFAR  APPLIED  TO  1.0G-N0RMALLV  DISTRIBUTED  CLUTTER 

The  case  of  log-normally  distributed  clutter  is  used  to  illustrate  the  application  of 
the  HCE-CFAR  concept  to  a  two-parameter  distributed  clutter.  A  flow-chart  summarizing  the 
steps  involved  is  presented  in  Fig.  15.  The  spatial  sampling  of  the  encountered  clutter 
is  assumed  to  encompass  two  different  homogeneous  clutter  fields  but  with  each  one  log- 
normally  distributed,  and  with  the  cell  under  test  embedded  within  one  of  the  two  clutter 
fields.  The  approach  again  involves  estimating  the  statistical  parameters  of  the  two 
clutter  fields  sampled  and  the  transition  point  between  these  fields,  and  then  to  use  the 
statistical  parameter  estimates  of  the  relevant  clutter  field  (the  one  in  which  the  target 
cell  is  embedded)  to  make  the  CFAR  detection  test. 
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FIGURE  15  FLOWCHART  OF  A  HETEROGENEOUS  CLUTTE  R  ESTIMATING  CFAR  FOR  LOG  NORMALLY 
DISTRIBUTED  CLUTTER 

The  heterogeneous  clutter  estimating  procedure  is  developed  in  a  manner  simiLar  to 
that  used  for  the  Rayleigh  distributed  fields.  The  observables  are  the  N  envelope  detected 
outputs  iX^'»  which  are  employed  in  the  threshold  control  procedure.  For  each  x^,  the 
probability  density  function 
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The  subject  CFAK  procedure  involves  first  obtaining  maximum  likelihood  estimates  of 
m1><ri.  m,,^2,,  and  the  transition  cell  M.  Hj  is  the  hypothesis  based  on  the  set  of  the 
N  observables  that  the  transition  takes  place  after  the  J*"*1  cell.  There  are  N-l  such 
hypotheses,  and  for  each  one,  the  set  of  maximum  likelihood  parameter  estimates 

( J ) •  0*1 ' J ) ;  m2(J) '  0"2(J) *  are  generated.  They  are  formulated  in  Fig.  15.  The  estimates 
(m,  ,  ,  /r?  ,  ;  mWI.,(T^,,x)  are  then  used  to  compute  the  set  (Lll.  L’T  can  be  shown  to  be 
monotonical ly  related  to  the  maximum  of  the  likelihood  on  the  condition  of  the  H.  hypothesis 
and  is  expressed  in  Fig.  15.  The  maximum  of  the  set  • Ll •  is  now  found 

Lc,  =  Max{Ljl 

J  =  1 . N-l 

(J  then  becomes  the  estimate  of  the  M11*1  transition  cell  (G=M)  ,  and  is  any  one  of  the 
hypothesis  iilj  which  yields  a  maximum  of  the  set  ■  Lj  :  .  Consequently,  clutter  field  #1, 
with  parameter  estimates  m^.^.  andfl-j^,  is  estimated  to  extend  from  the  first  cell  to 
the  (]*•  cell,  and  clutter  field  #2  with  the  statistical  parameter  estimates  m^G)  and 
(j^  (G)  is  estimated  to  embrace  the  cells  from  the  G+l  cell  to  the  NL  cell.  The  relevant 
estimated  clutter  field  for  use  in  the  illustrated  CFAR  test  statistic  is  the  one  in  which 
the  cell  under  test  (X^)  is  embedded.  The  decision  statistic  (t)  for  this  heterogeneous 
clutter  estimating  log-normal  CFAR  test  (see  Fig.  15)  was  introduced  earlier  [5]  for 
effecting  CFAR  operation  in  a  homogeneous  log  normally  distributed  clutter  environment. 

This  formulation  of  the  HCE-CFAR  test  for  log-normally  distributed  clutter  involves 
the  application  of  an  unbiased  multiple  hypothesis  test.  Just  as  the  HCE-CFAR  designs 
for  Rayleigh  distributed  clutter  were  determined  to  yield  improved  pertormance  with  the 
addition  of  'biasing'  alternate  statistical  hypothesis  tests  of  the  >(+)/>(-)  and  U/H 
type,  it  is  anticipated  that  similar  biasing  tests  added  to  the  presented  log-normal 
HCE-CFAR  test  would  also  lead  to  improved  performance. 
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W.L.Simkins 

(  an  you  provide  a  qualitative  assessment  of  how  sensitive  your  technique  is  to  the  assumption  that  the  two  fields  have 
the  same  statistics  hut  2  different  means?  That  is.  if  the  first  field  was  Ravlcigh  and  the  second  field  w  as  non -Ravlcigh. 
how  would  the  OAR  performance  chance  as  the  second  field's  statistics  increasingly  deviated  from  Rayleigh" 

Author's  Reply 

The  IIU  -O-  AK  design  has  been  configured  to  dale  for  the  ease  where  both  independent  fields  within  the  sliding 
window  are  each  single  parameter  distributed  (Rayleigh);  and  also  for  the  ease  where  both  clutter  fields  within  the 
window  are  two-statistical  parameter  distributed.  This  latter  I KT  -O  AK  design  also  applies  to  Wcihull  distribution 
clutter. 

for  the  case  of  the  HO  -OAR  designed  for  Rayleigh  distributed  clutter.  I  believe  there  could  be  substantial 
degradation  of  performance  if  one  of  the  fields  is  two-parameter  distributed  —  especially  II  it  is  the  licld  with  the  test 
cell  embedded  in  it.  On  the  other  hand,  the  1 1CE-CFAR  designed  for  2-parameter  distributed  clutter,  since  it  is 
applicable  to  Wcihull  distributed  clutter,  could  accommodate  the  case  where  one  field  is  Rayleigh  distributed  and  the 
other  field  is  Weibull  distributed,  since  the  Rayleigh  distribution  is  one  case  of  the  W  cihull  distribution.  1  his  test  is  an 
inefficient  one.  however,  if  both  fields  are  Rayleigh  distributed.  So  that,  if  the  question  is  one  of  real  practical  interest, 
perhaps  the  latter  approach  would  be  to  further  develop  the  I  ICE  -(’FAR  concept  to  accommodate  the  field  differences 
described. 


A.  Biggs 

The  view-foils  indicate  results  of  heterogeneous  clutter  which  were  not  in  the  A(iARI)  pre-print.  Can  you  include  these 
as  part  of  the  discussion  phase  which  will  appear  in  the  finalized  copy  of  the  ACiARD  proceedings? 

Author's  Reply 

I  bc'ieve  that  the  pre-print  of  the  paper  contains  all  of  the  I ICE-CFAR  performance  results,  and  that  no  new  results 
weie  presented  in  the  talk.  A  fuller  presentation  of  the  results  and  analytical  development  is  scheduled  for  publication 
in  the  IEEE  Proceedings  of  Aerospace  and  Electronics. 


C.Boesswetter 

Is  there  any  connection  between  the  theory  of  design  for  (  FAR  systems  and  nuliomciric  resolution,  which  is  one  of  the 
important  design  parameters  for  imaging  radar  antenna,  to  separate  between  two  distributed  clutter  fields? 

Author's  Reply 

The  theory  which  1  presented  is  mainly  for  target  detection.  However,  it  could  probably  also  be  applied  for  imaging 
clutter  fields. 
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Moving  Target  Imaging  (MTI/  using  Synthetic  Aperture  Radar  'SAP  -  .-.Ti'en:  consider 
pctent ial  as  an  all-weather  surveillance  tool,  monitoring  tne  movement  of  vehicles  on  t:.e 
ground.  The  purpose  of  tne  work  described  in  this  paper  to  investigate  techniques  of 
producing  r. ign-resclut ion  images  of  such  moving  objects  using  the  radar  signals  received  by  an 
existing  air  tome  SAP  system. 


Th**  first  step  in  the  MTI  Metr..<!  adopted  is  the  production  of  a  rather  crude  image 
of  sue::  moving  targets  as  exist  in  tne  data.  This  can  be  achieved  by  application  of  a  simple 
prefilter  (for  clutter-car.ee!  *at  i  on  prior  to  the  conventional  azimuth  (doppler)  processing. 

The  image  car.  then  t>e  used  fur  initial  detection  of  the  targets.  In  such  images,  wel  1-benaved 
moving  targets  .ire  distorted  by  their  motions  in  .1  particular  manner  and  the  parameters  of 
tne  target  motions  can  be  estimated  from  their  shape  and  other  properties.  These  parameters 
are  measured  and  tner.  used  to  construct  a  2-d  men  s  ion  a  1  f  ii  ter  ’matched  ’  to  the  response  for  eac 
target,  for  use  in  the  azimuth  (floppier  '  processing.  This  technique  cari  be  shown  to  produce 
nigh-resoiuT ion  images  of  the  moving  targets  with  the  resolution  being  comparable  to  that  of  th 
conventional  airborne  SAP  images  of  the  ground. 
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SYNOPSIS 

Sequential  adaptation  uses  only  two  sets  of  receivers,  correlators,  and  A/D  converter; 
which  are  time  multiplexed  to  effect  spatial  adaptation  in  a  system  with  (N)  adaptive  de¬ 
grees  of  freedom.  This  technique  can  substantially  reduce  the  hardware  cost  nver  what  is 
realizable  in  a  parallel  architecture. 

A  three  channel  L-band  version  of  the  Sequential  Adapter  was  built  and  tested  for  use 
with  the  MARK  XII  IFF  system.  In  this  system  the  sequentially  determined  adaptive  weirht; 
were  obtained  digitally  but  implemented  at  RF.  As  a  result,  many  of  the  post  HI  hardware 
induced  sources  of  error  that  normally  limit  cancellation,  such  as  receiver  mismatch,  are 
removed  by  the  feedback  property.  The  result  is  a  system  that  can  yield  high  levels  el 
cancellation  and  be  readily  retrofitted  to  currently  fielded  equipment. 

SEQUENTIAL  ADAPTATION  TECHNIQUES 

Identification  and  Significance  of  the  Problem 

Military  communication  systems  can  be  severely  degraded  by  enemy  jamming  or,  in  son, 
cases,  by  unintentional  interference.  Adaptive  antennas  are  used  in  some  communication  and 
radar  systems  to  automatically  place  nulls  at  the  angles  of  jammers  or  interference  sources. 
When  N  jammers  are  present,  at  least  N  adaptive  degrees  of  freedom  are  required  to  provide 
N  simultaneous  nulls.  The  cost  and  complexity  of  a  conventional  adaptive  nulling  system 
increases  with  the  number  of  degrees  of  freedom. 

It  is  also  important  to  minimize  the  cost  and  complexity  of  future  systems.  One 
possible  method  of  simplifying  these  systems  is  to  use  a  sequential  algorithm  for  updating 
one  adaptive  weight  at  a  time,  i.e.,  multiplexed  control  of  N  weights  using  a  single  circuit 
for  adaptive  weight  computation. 

Technical  Objectives 

Adaptive  Sensors,  Inc.  and  its  subcontractor.  Technology  Service  Corporation,  have 
had  two  major  contracts  to  explore  utilizing  a  Least  Mean  Square  algorithm  and  multiplexed 
control  of  several  adaptive  weights  using  a  single  circuit  for  weight  updating.  Three 
important  problems  arise  in  designing  a  system  with  these  properties,  viz.: 

a.  Configuration  of  the  LMS  system.  In  an  LMS  adaptive  system,  the  weights  on  antenna 

elements  are  controlled  to  achieve  a  least  mean  square  match  between  the  array  output  and 
some  reference  signal.  The  specific  reference  signal  used  varies  from  system  to  system. 

If  a  pilot  signal  is  transmitted  by  the  source  during  some  time  interval,  and  both  the 

temporal  structure  and  timing  of  the  pilot  are  known  at  the  receiving  site,  this  pilot 
signal  can  be  generated  locally  and  used  for  array  lock-up.  This  is  the  basic  LMS  array 
concept  originally  described  by  Widrow[lJ.  Its  time  multiplexed  sequential  version  is 
depicted  in  Fig.  1. 

In  some  systems  the  reference  signal  at  the  receiving  array  can  be  set  to  zero  and 
the  array  adapted  to  minimize  the  output  power.  This  technique  can  be  used  during  the 
adaptation  interval  if  the  desired  source  is  turned  off  for  intervals  known  a-^ricri  at  the 
receiving  site.  The  experimental  test  bed  is  an  example  of  such  a  system.  In  some 
systems  using  spread  spectrum  coding  with  a  large  ratio  of  signal  bardwidth  to  information 
bandwidth,  the  desired  signal  is  so  small  that  a  zero  pilot  signal  can  be  used  for  adapta¬ 
tion.  The  Global  Positioning  System  fits  into  this  category. 

b.  Convergence  Rate  in  a  Sequentially  Adapted  Array.  When  a  single  weight  computing 
circui;  is  used  to  sequentially  update  several  weights  in  an  adaptive  nulling  system,  some 
slowing  of  convergence  to  a  good  adaptive  antenna  pattern  must  be  expected.  Systems  in 
which  N  separate  weighting  circuits  are  used  to  compute  the  N  weights  will  generally  provide 
faster  adaptation.  ASI  investigated  the  convergence  rate  in  a  sequentially  adapted  system 
for  a  variety  of  configurations  and  numbers  of  jammers.  The  worst  case  convergence  time 
increases  by  a  factor  approximately  equal  to  the  number  of  channels  multiplexed  over  what 
would  be  obtained  with  a  parallel  LMS  architecture. 

c.  Method  of  Computing  Updated  Weights.  In  an  adaptive  array  with  N  adaptive  weights 
which  are  updated  in  sequence ,  us ing  a  ^ ingle  multiplexed  weight  computing  circuit,  a 
variety  of  different  methods  can  be  used  to  obtain  the  weights.  These  include  both  analog 


i4 : 


Figure  1.  Adaptive  Nulling  Antenna  with  Multiplexed 
Control  (MARK  XII  variation) 

and  digital  techniques.  The  major  emphasis  of  the  studies  was  the  comparison  of  several 
likely  candidate  methods  of  computing  the  adaptive  weights  or  incremental  weights.  Digital 
determination  of  the  weights  was  selected  for  implementation  on  the  MARK  XII  adaptive  arra 
experimental  system. 

BACKGROUND 


During  1983  and  1984,  ASI  investigated  methods  of  simplifying  the  adaptive  circuitry 
in  large  receiving  array  antennas  with  the  requirement  for  nulling  many  wide  bandwidth 
jammers.  A  sequential  method  of  controlling  subsets  of  element  weights  in  a  large  array 
was  evaluated.  A  functional  block  diagram  of  this  technique  is  shown  in  Fig.  2.  A  subset 
of  array  elements  is  selected  for  adaptation  elements  kl ,  kJ .  and  kj  in  Fig.  2.  Separate 
receivers  are  required  for  the  main  array  output  and  for  these  3  channels.  The  receiver 
outputs  are  A/D  converted  at  a  rate  equal  to  the  bandwidth,  retaining  both  in-phase  and 
quadrature  components.  The  sample  covariance  matrix  algorithm  12]  is  used  in  the  digital 
processor  to  compute  optimum  increments  for  the  3  weights.  Tin-  corresponding  array  weigh: 
are  then  incremented  by  the  computed  values  of  .'W,  selected  to  minimize  this  jammer  power 
in  the  output. 

The  option  of  updating  a  single  weight  at  each  iteration  was  investigated  during  tin- 
study.  One  typical  result  is  shown  in  Fig.  3.  The  upper  curve  in  Fig.  3  shows  the 
antenna  patterns  before  and  after  adaptation.  The  initial  pattern  for  the  30-element 
linear  array  with  Chebyschev  illumination  is  shown  by  the  da.shed  curve.  Five  jammers  arc 
present  in  the  simulation  as  indicated  on  the  upper  curve,  and  nulls  are  obtained  at  the 
5  jammer  angles  after  adaptation  as  shown  by  the  solid  curve.  The  lower  curve  shows  the 
transient  response  obtained  with  sequential  adaptation.  In  this  example,  a  single  weight 
is  otpimized  at  each  iteration.  The  ten  elements  with  adapted  weights  are  shown  on  the 
lower  curve  (viz.,  29,  30,  6,...).  After  90  weight  iterations,  during  which  each  of  the 
10  selected  weights  are  incremented  four  times,  the  output  power  is  reduced  to  4  c’B  above 
the  receiver  noise  level.  A  total  of  10  independent  samples  was  used  for  computi  each 
weigh1  increment.  This  example  illustrates  the  ability  of  a  system  with  a  multiplexed 
single  weight  processor  to  null  multiple  jammers,  in  this  case  b  jammers. 

During  the  study,  a  series  of  cases  were  run  with  a  single  weight  updated  per  itera¬ 
tion.  As  expected,  the  convergence  slowed  as  the  number  of  jammers  increased.  The  effect 
of  varying  ^he  number  of  samples  used  in  the  sample  covariance  matrix  was  investigated  as 
in  an  App lebaum-Howe 1 1  system.  It  was  found  that  convergence  is  much  slower  when  jammers 
of  unequal  power  are  present. 


RF  SUMMING  NETWORK 


Figure  2.  Hybrid  Adaptive  Arrays  with  Sequential 
Control  of  Element  Weights 


Figure  Sample  Covariance  Matrix:  10  Samples,  S  .1  a  mm 
1  Auxiliary  Channel 


taste  tu  t-;- *  is  t  o  provide  an  adapt  ivc  be  ant  urn.tr  that  is  completely  autonomous 
iron  the  exist  ir.g  .‘-LARK  XII  IFF  receiver,  us  depicted  in  Fig .  h  .  bv  providing  an  adaptive 
output  it  RF .  i;.  is  .  casibie  to  replace  the  present  antenna  with  an  adaptive  array  which 
Leeds  a  se  1 1 -cer.t  a:  r:ed  adaptive  be  ami  or  trier  whose  RF  output  tb;  replaces  the  RF  output  oi 
trie  present  antenna  iA)-  Ibis  approach  lends  it  sell  to  potential  retrofitting  of  cur¬ 
rently  fielded  .-ys  terns  with  no  modi i icat i on  to  the  extant  hardware.  The  viability  of  this 
concept  has  been  demons r rated  by  AS  I  and  IS C,  on  a  laboratory  demonstration  model* developed 

by  the  F.S.  Army  on  Contract  :U'n  .  DAAK.10  -8.'  -t  -  0  UO  and  DAAK 2  b  - 1'  ■*  -  C  -  n  1  o  7  for  the  h-band 

I-b\RK  XII  IFF  transceiver.  A  tie  Id  version  ot  that  system  is  scheduled  to  be  tested  at. 

Ft.  Huuchucu  Jurin.t  .etcher,  1  ':?S  a .  Its  important  properties  are: 

•  Aut  c  nor,.,  us  ;  .e  t  r  o :  1 1  t  i .  As  indicated  above.  the  adaptive  antenna  sybsyster.  is 
rr.  a  Je  e  s  sen :  ;  aTT  y  .o-.touo:..  t-  tie  MAR:  XII  IFF  transponder  by  providing  an 
adaptive  Rr  output . 

•  I  ine  Mul  t  i  :>  I  exed  Ad.  an  tat:  -.ri .  A.-  I  ISC  have  developed  a  unique  time  multiplexing 

a  Jap  t  i  ve  a '  go  r  i  t  hr.  t  h  u  si  /  n  it  i  c  an  t ;.  reduces  the  hardware  complexity  and  the 

concotnmi  tan :  cost  .*  the  adaptive  array.  In  this  approach  only  two  receivers 
are  required,  independent  c:  t  he  number  o:  auxiliary  antennas.  As  shown  in 
Fig.  (.N)  auxiliary  channels  are  time  multiplexed  into  one  channel  and  the 
adapt  ive  beam  output  is  serviceC  by  t  he  second  receiver.  On  any  given  itera¬ 
tion,  the  adaptive  weight  <w.  )  for  tb.c  multiplexed  channel  ( ??  i )  is  incrementally 
updated  by  \  v):  which  ;s  *o!>?  .i  ir.ed  by  the  implicit  inversion  of  a  (2x2) 
covariance  matrix  ‘.which  yields  the  'best'  (  w)^  for  that  iteration).  This  is 
equivalent  '  a  ::  -l  t  ip  U  xed  two  channel  LMS  array  where  the  gain  and  time  constant 
are  opt  : i  .  S  i  mu  1  a  t  i  .t:s  indicated  that  U-Q  samples  are  optimum  for  obtaining 
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•  Adaptation  at  RF 


•  A,at:Tn.:omt!i  idnp*  :  r. 
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ASi .  ISC  built  and.  tested  a  test  bed  for  EKAftCOM,  Ft.  Monmouth,  N’J  (monitored  by 
Mr.  Duane  Sheppared,  Cb-;!  tract  DAAK.'O  -  6Y -C-0878) .  Under  this  contract,  ASI/TSC  have  de- 
.-  i  i.n.ed .  built  and  tested  an  adaptive  nulling  antenna  for  the  MARK  X  i  i  IFF  system.  The 
•■bjective  of  rhe  program  is  to  obtain  a  simple  system  which  can  be  retrofitted  to  existing 
airborne  IFF  transponders  at  minimum  cost.  This  adaptive  antenna  uses  a  single  signal 
processing  circuit  with  multiplexing  to  sequentially  update  the  weights  on  two  of  the 
three  elements  in  the  array.  The  system  block  diagram  is  the  same  as  in  Fig.  1,  with  the 
pilot  signal  in  Fig.  1  set  to  zero.  In  addition  to  designing  the  adaptive  system.  ASI 
has  simulated  the  circuitry  in  detail  to  determine  the  tolerances  tin  all  hardware  compo¬ 
nents  and  the  transient  response  of  the  adaptive  array.  The  adaptive  system  was  built  and 
has  been  bench  tested  by  Technology  Service  Corporation,  under  subcontract  from  ASI.  This 
system  will  be  field  tested  at  Ft.  Huachuca  under  rhe  current  contract. 

The  signal  processing  circuit  used  in  the  IFF  adaptive  array  is  hybrid- -the  array 
output  and  the  output  of  one  element  channel  are  cross-correlated  in  an  analog  circuit, 
the  correlator  output  is  A/D  converted  and  the  updated  weight  is  computed  digitally. 

This  weight  is  then  D/A  converted  and  applied  to  the  selected  element.  The  two  variable 
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weights  are  updated  in  sequence  using  a  multiplexer  to  switch  the-  element.  uutpuLs  alter¬ 
nately  into  the  signal  processing  circuit. 

Figure  6  depicts  a  block  diagram  oi  the  complete  system  and  Figures  7a- 71  give  details 
of  the  hardware  configuration. 


W.W*  are  complex  -  pnase  and  amplitude  control 
*  L  _  E.*B 

Updated  sequentially  -  ~W,  =  r-  —  '»  =  + 


Figure  5.  Functional  Diagram  of  Adaptive 
Receiving  Antenna 


Figure  6.  Adaptive  Array  Block  Diagram 


PERFORMANCE 

Limitations  on  Cancellation 

Analog  beamformers  at  IF  or  digital  have  inherent  limitations  on  the  achievable 
cancellation  due  to  sources  of  error  introduced  by  the  hardware  itself.  One  of  the  most 
important  of  these  error  sources  is  receiver  mismatch.  Since  only  one  complex  weight  is 
applied  to  each  channel,  the  match  between  two  receivers  can  only  be  exact  at  one  frequency 
in  the  passband.  Mismatch  across  the  passband  between  two  receivers  results  in  residual 


noise  power  residue  at  the  output  of  the  cancellor  as  shown  in  Fig.  8.  Figure  9  indicates 
the  required  RMS  phase  and  amplitude  match  across  the  passband  for  a  given  level  of  can¬ 
cellation.  Note  that  in  order  to  aspire  to  45  dB  of  cancellation,  less  than  .2°  RMS  phase 
error  is  tolerable,  which  is  impractical  to  achieve  in  a  relatively  narrow  band  system 
(■v5  MHz)  . 
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Figure  7a.  Weight  Computation  with  Limiting 


TO  HARK  XII  IFF 


TO  AUTO  CORRELATION  DETECTOR 


FROM  VECTOR  MODULATORS 


Figure  7b.  Front  End  Block  Diagram 


Figure  7c.  Video  Amplifiers  -  A/D  Converters 
Block  Diagram 
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Figure  7d.  Auto  Correlation  Detector  Block  Diagram 


Figure  7e.  Vector  Modulator 
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Figure  7f.  Weight  Processor 


ADAPTATION  AT  RF 

By  applyin^  the  adaptive  weights  at  RF  at  -100  MHz  bandwidth,  (even  though  they  were 
determined  narrcwbanci  digitally)  the  receiver  mismatch  constraint  is  essentially  removed. 

It  is  required  that  the  cancellor  perform  over  a  very  wide  dyna:  ic  range  of  input  signal 
levels.  It  is  difticult  for  a  correlator  to  operate  over  such  a  wide  dynamic  range  with¬ 
out  introducing  bias  errors  that  would  not  be  removed  by  the  feedback  loop.  This  is  solved 
by  introducing  sufficient  gain  in  the  muxed  auxiliary  channel  to  force  limiting.  Figure  7a 
shows  the  slight  modification  to  the  'optimum'  adaptive  incremental  weight  that  is  intro¬ 
duced  by  this  limiting  operation. 
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Figure  8.  Receiver  Mismatch 
SIMULATION  AND  TEST  RESULTS 

Figures  10-14  depict  typicaL  simulations  of  convergence  rail  and  null  depth  that  were 
corroborated  in  laboratory  tests.  Figures  10  and  11  depict  the  transient  response  to  two 
jammers  with  zero  and  25  dB  of  eigenvalue  spread,  while  Figs.  12  and  13  show  3  and  4  jammers 
respectively  for  a  hypothesized  system  with  more  adaptive  degrees  of  freedom  than  actually 
implemented  in  the  demonstration  model.  Of  particular  interest  is  the  effect  of  various 
error  sources  in  the  system. 

The  important  point  to  note  is  that  all  error  sources  except  lias  errors,  as  shown  in 
Fig.  14,  do  not  limit  the  level  of  cancellation.  The  bias  erroi  /..enomenon  is  eliminated 
as  shown  in  Fig.  7a  by  limiting  the  auxiliary  channel. 


CANCELLATION  RATIO  LIMITATION  AS  A  FUNCTION  OF 
RECEIVER  MISMATCH  IN  AMPLITUDE  AND  PHASE 
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Figure  11.  Eigenvalue  Spread 
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Figure  12.  Effect  of  Quadrature  Errors 

In  effect  the  only  penalty  for  errors  is  a  slowing  of  the  convergence  time.  This 
results  from  the  fact  that  the  adaptive  weighting  is  performed  at  RF  pr_ior  to  hardware 
induced  sources  of  error  such  as  receiver  mismatch,  soft  limiting  and  imperfect  quadrature. 

This  system  has  been  demonstrated  in  the  laboratory  to  provide  iQ-43  dB  of  cancella¬ 
tion  against  two  jammers  over  a  wide  dynamic  range  of  input  signals. 
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Figure  13.  Comparison  of  Square  Law  and  Linear  Detectors 
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Figure  14.  Effect  of  Bias  Mismatch 
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l  he  maximum  attainable  point  target  detection  capability  of  a  search  radar  in  a  receiver  noise  limited  situation  i-  fundamentally  limited 
by  the  radar's  power -aperture  product.  However,  the  degree  to  which  practical  systems  approach  iliis  maximum  performance  may  be 
limited  by  processor  power  (i.e..  processor  throughput,  resolution,  etc.).  I  urthennote,  in  clutter  limited  siimuions.  siiv.lt  as  air-to-air 
look-down  search  modes,  greater  processor  resolution,  in  both  range  and  doppler.  can  reduce  the  CTUviivc  si/e  of  the  clutter  cell  comper¬ 
ing  with  the  target,  and  thereby  improve  subclutter  visibility.  Recent  and  ongoing  developments  have  contiiluited  to  the  application  of 
high -resolution,  high-throughput  signal  processing  to  multimode,  multifunction  an  home  tadars.  Both  aii-to-ait  and  air-to-giound  modes 
benefit  in  performance  from  increased  processing  power  and  flexibility. 

The  solution  to  the  high  resolution  processor  is  based  on  the  experimental  Modular  Survivable  Radar  developed  by  General  Electric 
iri  the  late  I97(K.  and  extended  to  airborne  multimode  radar  projects.  This  modular,  leconligurablc  pipeline  consists  of  high  efficiency 
stages,  each  with  a  narrow  range  of  assigned  functions,  cascaded  to  form  the  full  signal  proecssoi  Experience  in  system  integi.mou 
and  testing  has  proven  the  adaptability  of  this  architecture,  which  can  be  partieulatly  useful  to  achieve  ihe  detection  range  requirements 
in  a  small  fighter  aircraft  where  physical  space  and  cooling  capability  limit  the  povvet  and  aperiuie  available  to  the  ladar. 

The  architecture  of  a  programmable  signal  processor  (PSP)  currently  in  development  lot  future  application  is  described.  This  architecture 
allows  processing  elements  (PL’s)  and  memory  elements  to  be  configured  into  parallel  pipelines.  The  PE’s  are  designed  to  pet  form  linear 
and  nonlinear  operations  ai  the  same  high  throughput  rale.  These  features  make  it  highly  suitable  lor  uuegiaiion  into  the  tadai  signal 
processor. 

With  respect  to  this  integration,  the  degree  of  flexibility  required  at  different  points  in  the  pipeline  is  considered.  Ihe  nonlinear  and 
bandwidth  reduction  processing  which  comes  between  the  linear  processor  and  the  target  data  processor  has  the  gteatest  v  arid y  ot  function. 
Hie  linear  processor,  and  in  particular  the  FFT  or  spectrum  analyser,  has  a  nunc  uwvivienj  function  over  vanoiis  udai  modes.  I  tic 
baseline  architecture  is  very  receptive  to  replacement  of  any  section  by  a  PSP  In  tact,  replacement  of  all  post  I  I  I  processing  by  a  PSP. 
while  maintaining  the  recon figurable  pipeline  for  the  linear  processing,  is  shown  to  he  a  very  efficient  near  term  solution  Replacement 
of  the  linear  stages  can  follow  as  improvements  in  the  PSP  functional  efficiency  make  it  worthwhile. 

IM  KOIH  CTION 


Modern  airborne  multimode  radars  lor  fighter  type  aircraft  require  a  wide  range  ol  air-to-air  and  air-to-ground  modes.  A  typical 
suite  ol  required  modes  for  such  an  application  is  presented  in  Table  1.  along  with  rcpicsentative  performance  requirements  and  an 
indication  of  the  type  of  waveform  used  to  implement  each  mode. 

In  some  applications,  aircraft  constraints  impose  limits  upon  the  si/e  of  the  antenna  aperture  area  available  for  the  ladar.  This  creates 
difficulties  in  achieving  the  required  performance  since,  for  most  modes,  antenna  aperiuie  and  related  antenna  parameters  (e  g.,  gam, 
beamwidth,  etc.)  are  strong  determinants  of  the  achievable  performance.  In  many  instances,  however,  increased  processing  capacity 
can  compensate,  to  a  significant  degree,  for  a  shortfall  in  available  aperture.  In  what  follows,  this  tradeoff  (i.e..  available  aperture  versus 
processor  capacity)  will  be  illustrated  for  the  specific  case  of  a  medium  PRI  search  mode 

A  summary  of  the  types  ot  processing  functions  required  to  implement  the  modes  listed  in  I  able  1  is  presented,  followed  by  a  description 
of  a  high  i evolution,  high  throughput  signal  processor  developed  at  General  Electric  Company  which  has  found  application  m  one  such 
case  The  requirements  for  programmability  at  various  points  in  the  processor  are  analyzed,  with  a  view  towards  staged  incorporation 
of  a  programmable  signal  processor.  A  Programmable  Signal  Processor  undei  development  at  General  Electric  to  meet  these  ptocewinu 
requirements  is  described,  along  with  a  plan  to  integrate  it  into  a  multimode  radar  in  stages. 

Medium  PRF  Search  Mode  Design 

Die  range  performance  of  a  volume  search  radar,  operating  in  a  receiver  noise  limited  environment  with  a  lived  constraint  on  svan 
time  may  he  expressed  as  |l.  pp.  *()|: 

r4  **  Txc  Ac  0|  1 

4n  Kl\  (S  NlReqip 

where:  P  average  transmitted  power 

Tse  time  to  complete  one  scan  ot  the  search  volume 

Ac  effective  antenna  aperture 

Oj  target  radar  cross  section 

E  total  loss  factor 

K  Bolt/rnan’s  constant 

Ts  system  noise  temperature 

(S  N)req  sjgnal-to-noisc  ratio  required  for  detection 

*P  total  solid  angle  of  the  scan  volume. 

Equation  (I)  assumes  that  the  radar  processing  approximates  matched  filter  piocessmg.  A  processing  loss.  I  p.  constitutes  one  ol  the 
I actors  in  1  .  and  measures  the  degree  to  which  the  processing  is  impertcutv  matched,  f  rom  Equation  ( 1 )  it  is  seen  that  the  fundamental 
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Mode 

Waveform 

Representative  Performance  Requirement 

MR  IO-AIK 

Range  While  Seat  eh 

low  PR  I  look  Up 

Med  PRI  1  ook  Down 

JO  nmi  detection  of  5  in’  target 

IS  nmi  detection  of  5  m-  target 

Velocity  Search 

High  PRI  l  ook  Down 

23  nmi  detect  ion  of  5  m2  target 

I  rack  W  hile  Scan 

Med  PRI- 

S  simultaneous  targets 

Single  l.u get  I tack 

Med  PRI 

Angle  accuracy.  4  mr 

Range  accuracy .  KM)  ft  or  1%  of  range 

Air  Combat 

Med  PRI 

Detection  range.  1000  ft  to  10  nmi 

MR-HM.ROl  Ml 

Real  Beam  (irouiul  Map 

l  ow  PRI-’ 

4  u/imuih  resolution 

Dop.  Beam  Sharpening 

Low  PRI 

20  1  beam  sharpening  ratio 

Sea  Search 

low  PRI- 

30  nmi  detection  on  50  m-  target  -  SS  #  1 

25  nmi  detection  on  50  m2  target  -  SS  »4 

(iround  Moving 

I argot  Indication 

1  ow  PRI 

Detect  tank  at  15  nmi 

(.•round  Moving 
large!  I rack 

1  ow  PRI 

Angle  accuracy.  4  mr 

Range  accuracy.  50  It  or  0.35%  of  range 

Ail  lo-tiiound  Ranging 

low  PRI 

Accuracy.  50  It  or  0.5%  of  range 

radar  parameter  determining  the  maximum  achievable  range  performative  in  noise  t'  the  radar’s  power-aperture  product.  I  lie  processing 
loss.  however.  measures  the  degree  to  which  a  given  processing  implementation  causes  the  radar  performance  lo  fall  short  ol  that  inherent 
in  its  power-aperture  product  Imptov  ing  the  processing  efficiency  can  reduce  the  processing  losses  and  thus  cause  the  i adar  pertormance 
to  more  ilnsely  apptoaclt  the  maximum  potential  ot  its  power -apcrtinc  product. 

I  he  average  transmitter  power  tor  an  airborne  tadar  is  typically  limited  by  the  prime  power  and  cooling  available  from  the  aircraft 
(e  g..  2<K>  watts  average  RI  power  is  a  reasonable  hgure  for  modern  lightweight  lighters).  When  the  available  aperture  is  also  tightly 
limited,  the  only  reasonable  alternative  available  to  achieve  adequate  performance  ts  to  expand  processor  capacity  to  achieve  greater 
processing  efficiencv  and  theiehv  tcduvc  the  processing  loss.  1  p 

Medium  PR  I*  mode  design  is  driven  primarily  hv  the  requirement  to  detect  small  airborne  targets  while  looking  down  into  intense 
ground  clutter,  and  to  determine  then  tange.  a/nnuth.  and  velocity  coordinates  unambiguously.  I  Inis,  over  and  above  the  foregoing 
considerations  pertaining  to  detection  in  muse,  a  number  of  additional  factors  related  to  clutter  discrimination  directly  affect  the  waveform 
selection  and  signal  processing  siiuctme.  Nonetheless,  the  final  structure  typically  reflects  the  attempt  to  approach  matched  filler  processing 
as  nearly  as  possible,  while  implcmeniing  the  necessary  clutter  rejection  and  ambiguity  resolving  functions. 

I  he  principal  design  features  driven  bv  the  need  to  accommodate  ground  clutter  are  as  follows: 

•  A  significant  portion  ot  the  dopplcr  'pectium.  containing  ground  clutter  and  ground  moving  targets  is  rejected 

•  I  he  PRL  values  ate  chosen  high  enough  so  that  the  doppler  rejection  is  not  an  excessive  fraction  of  the  dopplei  spectrum,  but 
still  lovv  enough  to  peiimt  substantial  tange  disci iniiti.it ion 

•  The  time-on-target  is  hrokeu  up  into  a  number  ti  e  .  typically  eight  or  nine)  of  coherent  bursts  of  transmitted  pulses,  with 
PRL  variation  from  hutst-io-hurst.  to  reduce  tange  and  doppler  eclipsing  and  permit  range  and  dopplei  ambiguity  resolution 

•  I  he  number  of  pubes  transmuted  in  each  coheieni  burst  exceeds  the  number  to  be  processed  iti  order  to  allow  for  “clutter  settling” 
(i.e.,  to  allow  for  returns  from  long  range  eluiter  to  establish  coherency) 

•  Ihe  processoi  must  maintain  a  high  dvnamic  tange.  to  accommodate  ground  clutter,  through  the  linear  stages  ot  processing 
(i.e..  up  to  the  point  at  winch  inamlohe  clutter  is  rejected) 

•  Cell  averaging  (TAR  is  employed  to  adaptively  set  thiesltoids  m  response  to  sidelobe  clutter,  which  can  exceed  receivei  noise 
over  local  regions  in  the  range  dopplei  plane 

(  nmparison  of  MPKI  Mode  Parameters 

I  able  -  piesents  repicsentative  parameters  lot  two  medium  PRI  mode  designs  tor  a  tactical  lighter  application.  I  he  first  or  baseline 
svsiein  assumes  a  24  inch  diameter  aperture  Ihe  second  is  a  reduced  aperture  system  in  which  the  baseline  aperture  has  been  reduced 
hv  a  I  actor  of  two  in  the  vertical  dimension  I  able  *  presents  representative  processing  losses  for  the  two  designs  presented  in  table 
2  Note  that  the  total  processing  losses  lot  the  has  hue  design  are  a  substantial  N.5  dB.  allowing  considerable  room  lot  improvement 
thimigh  more  etlicient  processing  Hie  reduced  aperture  design  has  total  losses  o!  5.S  dB,  a  net  reduction  ot  2. 7  dH.  nearly  compensating 
the  3  dH  t eduction  m  powet  apetture  product  Iti  what  follows,  each  ot  the  processing  losses  will  be  discussed  for  these  two  designs 
i nt!  the  mantlet  in  whuh  added  processing  power  can  reduce  the  processing  losses  will  be  illustrated. 
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Paiametei 

Baseline 

Reduced  Apeitme 

Average  Irunsuiftted  Powci 

200  W 

200  \V 

Rf  Wavelength 

0.1  It 

0  !  It 

Peak  Antenna  Cam 

'3  dB 

30  dB 

Average  PRI 

10  kHz 

Hi  kHz 

Average  Compiessed  Pulse  Width 

1  fisec 

0.25  fjisec 

Antenna  Hall  Power  Beamwidih 

4 

4  .iz  b\  v  ■■! 

Number  ot  Dopplet  filters  (i  e  .  H  T  Size) 

64 

I2S 

Number  ot  Clutter  Sell  ling  Pulses 

10  C  PI 

10  (  PI 

Doppler  1  tiler  Bandwidth 

PRI  64  150  11/ 

~o  Hz 

Average  Number  ol  Range  Huts 

64 

<12 

Cl  AR  Window  Si/e 

16  cells 

!  2s  cells 

Receive;  Noise  fig  me 

3  dB 

3  dB 

Scan  Rate 

~0  sec 

3  5  sec 

1  une  on  1  arget 

>~  msec 

1 14  nises 

Mamlobe  <  lutter  Retention  Ratio 

60  JB 

4S  dB 

CluUet  Backscuttei  (.oelticieut 

o  15 

0.1' 

1  at  get  Cross  Section 

5  m- 

5  m- 

Mamlobe  l  luttei  and  (All  Retection  Bandwidth 

4  kHz 

4  kHz 

1  aNe  Maim  Rale 

I  intitule 

1  mriule 

Antenna  1  tame  1  line 

VK  sec* 

5 . S  sCs 

■for  a  2  bar  •  60  Raster  Scan. 
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24  Xpert  me 

Reduced  Xpeituie 

M  N  l  oss 

2.2  dB 

2  2  dB 

Clint ei  Settling  1  oss 

0.6  dB 

0.3  dli 

Range  filter  Mismatch  1  oss 

0.0  dB 

0.0  dB 

Range  Ciate  Straddle  1  os* 

0.~  dB 

0.2  dli 

Doppler  filter  Mismatch  1  oss 

Is  dlt 

12  dB 

Dopplei  filter  Straddle  1  oss 

0.7  dB 

O  S  dB 

(  CAR  l  oss 

1.6  dB 

0.2  dB 

total  Piocessing  1  osses 

S.5  dB 

5.S  dB 

M  N  I  OSS 

l  he  \1  N  loss  t i*i  Medium  PRI  radars  occurs  lor  two  reasons: 

•  1  he  need  to  switch  PRI  values  during  the  time  ou-iatget  to  lediue  blind  /ones  and  to  resolve  ambiguities 

•  I  he  signal  processor  typically  limits  the  amount  of  coherent  integration  that  is  possible. 

Consider  now  the  impact,  on  the  baseline  design  presented  in  table  2,  of  a  factor  of  two  i eduction  in  antenna  aperture.  I o  simplify 
the  discussion,  it  is  assumed  that  the  reduction  s  predominantly  in  the  vertical  aperture  dimension.  The  effect  of  such  a  reduction  would 
be  to  tediiic  antenna  gam  b>  3  dB  ami  broaden  the  elevation  boamwidth  bv  a  factor  of  two.  The  increased  elevation  beamwidth  makes 
it  possible  to  scan  the  seaich  volume  with  a  single  elevation  bar.  rather  than  two  bars,  which  eflec’ively  doubles  the  time-on-target. 
it  frame  time  is  kept  invanant.  as  is  necessary  for  a  valid  comparison  between  the  two  designs,  To  utilize  the  increased  (inte-on  target 
etlicientlv.  however,  without  incurring  added  M  \  or  nortcotierent  integration  loss,  requires  doubling  the  length  of  each  coherent  processing 
interval  (CPI),  theieby  doubling*  both  the  mimbei  of  pulse  returns  being  coherently  processed  and  the  I  I  I  si/e  required.  The  net  result 
is  that  tlie  M  N  loss  is  the  same  lor  both  designs,  but  the  reduced  aperture  system  achieves  twice  the  doppler  resolution  by  doubling 
the  If  I  st/e  to  I2S  points. 

Clutter  Settling  loss 

(  lutter  settling  loss  is  a  meusute  ot  the  I  tact  ion  ol  transmitted  pulses  which  are  "wasted"  to  e-ublish  cliittei  coherence  on  each  (  PI 
before  (be  received  signal  return  can  be  processed.  I  he  number  of  settling  pulses  required  at  a  10  kHz  PRI  is  apptoMmately  10.  which 
should  be  adequate  to  "sohere"  clutter  at  ranges  up  to  SO  nautical  utiles.  I  he  resulting  loss  is  thciclore 

l  Ni-i  i  )  (06  ilB.  H.iselme  Svstein 

10  lot  1  1  *  I  I  (2) 

N!  I  I  •  H»  \  I 

’  '  0  '  dB.  Reduced  Apeitme  System 

Since  lire  reduced  aperture  svstem  piocesses  twi^e  .is  many  pulses  coheiently  m  cash  C  PI  as  die  baseline  system,  the  nimibet  ol  cluttet 
settling  pulses  represents  a  smaller  f  raction  of  the  number  of  pulses  transmitted  in  each  coherent  burst  (.  ortsequeutly .  the  shutei  settling 
loss  js  smallei  tor  the  reduced  aperture  svstem. 


When  slntlcr  settling  pulses  arc  included,  the  total  tune  on  target  iiK teases  by  slightly  iess  than  a  tactor  ot  two.  since  the  number 
ol  settling  pnNes  lequtied  is  a  soiistant. 
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Range  Killer  Mismatch  Loss 

In  pulse  compression  systems,  the  compression  stage  is  frequently  weighted  to  reduce  the  time  sidelobes  of  the  compressed  pulse.  1  he 
amount  of  weighting,  typically  determined  by  the  requirement  to  distinguish  a  small  target  in  close  range  proximity  to  a  laige  target, 
is  unaffected  by  the  reduction  in  aperture.  Consequently,  this  component  of  processing  loss  has  the  same  value  for  both  the  baseline 
system  and  the  reduced  aperture  system. 

Range-Straddling  Loss 

Range-straddling  loss  is  presented  in  Figure  I  as  a  function  of  range  sample  spacing  for  both  an  unweighted,  compressed  chirp  signal 
and  for  the  same  signal  with  cosine  weighting  applied  to  reduce  range  sidelobes.  The  straddling  loss  listed  in  Tabic  3  lot  the  baseline 
system  (i.e..  0.7  dB.  assumed  weighted  chirp  with  a  I  R  sample  spacing).  By  increasing  the  sampling  rate  by  a  factor  of  two  (i .e., reducing 
the  sample  spacing  to  I  2  B).  the  straddling  loss  can  be  reduced  to  0.2  dB  for  the  reduced  aperture  system,  a  net  gain  of  0.5  dB. 


COS  WEIGHTED 
CHIRP 


UNWEIGHTED 

CHIRP 


f  igure  /.  Range  Straddling  Loss  Versus  Sample  Spacing 


Doppler  Killer  Mismatch  l  oss 


Doppler  filter  mismatch  loss  is  a  function  of  the  amount  of  time  domain  weighting  applied  to  the  sequence  of  coherently  processed 
pulses,  in  the  FT  l  processor.  The  severity  of  the  weighting  required  is  determined  by  the  clutter -to-noise  spectral  density  ratio  of  the 
coherent  spectrum  at  this  stage.  Let  us  examine  the  behavior  of  this  quantity  as  the  aperture  is  reduced 

Since  the  aperture  reduction  is  confined  to  the  vertical  dimension,  the  spectral  width  of  mainlobe  clutter  will  be  relatively  unaffected. 
Consequently,  the  clutter-to-noise  spectral  density  ratio  will  vary  proportionately  to  the  II  clutter-tc -noise  ratio. 


Receiver  and  \  D  converter  dynamic  range  is  determined  by  the  received  clutter-to-noise  ratio,  which  can  he  expressed  as: 

P<  P"  -  K  C'°B  '  ) 


(3) 


where:  K 
B 


a  factor  containing  a  number  of  radar  parameters  being  held  constant  here 
transmitted  signal  bandwidth 


Since  the  aperture,  and  hence  gain,  has  been  halved,  the  clutter-to-noise  ratio  and  dynamic  rante  leqiniement  have  been  teduceJ  hv 
dB  It  we  additionally  increase  the  range  resolution  (and  transmitted  signal  bandwidth)  hv  a  lactot  ol  lout,  the  dvnamic  tange  will 
be  reduced  bv  an  additional  h  dB  Thus,  the  requirement  on  dopplci  cltittei  retention,  and  hence  on  dopplct  filter  sidelobes.  is  reduced 
bv  12  dB.  with  the  result  that  liltet  weighting  can  be  reduced  and  hence  tiller  weighting  loss  will  a  ho  he  reduced  hv  approvimatclv  O.b  JB 
as  shown  in  I  able  3 


Doppler- Straddling  I  oss 

\s  the  amount  ot  d"n  V:  filter  weighting  o  reduced,  the  mautlohe  ot  the  dopplei  liltet  transfet  function  narrows,  so  that  dopplei 
straddling  li"s  nutcases  'hchtlv.  io  ti  x  dB 

I  I  4R  I  oss 


1  1  \R  loss  is  a  strong  tunciton  ol  the  mm  her  ot  sells  vomposmg  the  (  I  \R  average.  The  si/e  ol  the  range  dopplei  region  over  whiJi 
averaging  is  henetieial  is.  however,  limited  bv  the  lobmg  stmctuie  of  sidelobe  clutter.  By  increasing  the  range  resolution  (i  e..  ledttcmg 
the  range  sell  st/el  hv  a  Uctoi  o!  tout  and  the  dopplei  «cs,q  m.m  hv  a  last  or  ol  two.  the  total  number  of  cells  averaged  can  be  increased 
by  a  factor  of  eight  itroni  lh  to  i2M)  without  changing  the  si/e  ot  the  averaging  region.  The  resulting  reduction  in  O  AR  loss,  assuming 
a  false  alarm  probahilitv  ot  |u  can  he  seen  from  I  utuie  2  to  In-  approximately  1.4  dB.  as  previously  presented  in  Table  V 


NUMBER  OF  INOEPENOENT  SAMPLES  m 

I  /ewe  _\  (  /  \K  li'"  \umbci  «•/  Xi/m/’.V' 

Processing  Loss  >ummiir> 

\s  tlliisi r.iicsl  m  I  able  *.  the  total  processing  losses  toi  the  icduccd  upcituii  dcsion  have  been  leJiueJ  to  5 's  JB.  a  2  dB  icdiu"on 
troin  the  processing  lo"  total  lot  the  baseline.  24  tneh  apeituie  design.  I  Inis,  a  Mihsi.mli.il  ti.ution  < *1  the  ;  dB  lost  due  lo  apcilmv 
reduction  has  been  regained.  I  his  ha'  been  accomplished  primarily  ihiough  met  cased  pioecss»*r  wipaotv.  that  i'.  the  i.mge  lesolimon 
has  been  quadrupled,  the  ratine  sampling  rale  increased  b\  a  factor  ot  eight.  and  the  dopplei  lesolution  doubled  High  resolution.  Inch 
throughput  processors  capable  ot  accomplishing  these  iinpio\einents  aie  descnbed  in  the  lemaimiei  ol  this  pape» 

<.K  Pipeline  Processor 

TheMeneral  lleetric  pipeline  processor  began  with  development  and  flight  testing  ol  its  expenmental  Modular  Sumvablc  Kadat.  shown 
in  haute  *  and  described  in  (2).  I  he  MSR  leatuies  a  disiiibuied.  tcconfigurable  signal  piocessoi  I  he  signal  piovessoi  elenients  aie 
constructed  principally  tioin  siistom  MOS  I  SI  iitcmis  designed  and  piodueed  by  (ieneial  I  lectin  [he  tadat  clew  uts.  inJuding  the 
\anous  signal  processing  elements,  aie  controlled  tiom  a  cvnti.il  tadai  conttollei  In  means  ot  a  multiplexed  digital  daia  bus 

l  he  MSR  flight  test  included  mans  iadar  functions  similar  or  identical  to  required  multimode  radar  umciioiis.  such  as  Mi  mind  Mo\ 
ini;  latget  Indication  KiMTIland  Doppler  Beam  Sharpening  (l)Bsi.  In  these  tests,  the  flexibility  ol  the  processor  aK huecmit.  was  pro 
ven:  ihus.  n  became  ihe  basis  toi  design  ot  a  multimode  ladai  |.*)  Wuh  the  I  SI  nucioeiicuiis  in  place  and  a  bask  ptoccssoi  aiJnteslnre 
pi  men.  the  system  development  tune  was  shortened  sieiii  I  leant  lx . 

Modular  Pipeline  Approach 

I able  4  presents  a  summar\  ot  the  processing  tunctions  leqmred  to  unplemem  each  ol  the  modes  which  were  previously  piesemed 
in  lable  I.  Noie  that  I  able  4  distinguishes  between  linear  processing  tunctions  (e  g  .  pulse  compression,  complex  multiplication  toi 
motion  compensation,  and  liltermg)  and  the  more  diverse  and  mode  dependent  nonlinear  processing  operations  which  tollow  the  lincai 
stages  of  processing,  ['his  table  suggests  that  ail  extremely  efficient  modulai  processor  can  be  provided  for  the  mosi  computationally 
intensive  ease  ihe  look  down  air  to-air  mode  whose  parameteis  can  then  be  modified  to  provide  ihc  maioritv  ot  f he  pioccssmg  ic- 
qmred  lor  any  other  mode. 

I  ach  of  the  major  pipeline  functions  is  implemented  by  a  hardware  element  I  Ins  element  has  a  standard  input  output  timing  relation¬ 
ship  Moments  with  complex  internal  timing  have  their  own  timing  and  control  generators.  In  this  fashion,  each  processing  element  is 
a  stand-alone  module,  requiring  only  parametric  control  and  minimal  timing  triggers  from  the  previous  element.  The  result  is  a  modulai 
pipeline  which  can  be  easily  reconfigured  via  the  parametric  controls. 

figure  4  shows  the  linear  signal  processing  portion  ol  the  pipeline.  I  he  processing  elenients  required  aie  universal  to  modern  cohctcm 
radar  p.4.5|.  with  only  the  parameters  and  details  of  implementation  varying  between  radar  type  and  mode. 

f  he  waveform  generator  and  pulse  compressor  arc  devices  matched  to  each  other.  When  used  together,  they  allow  higher  duty  cycle, 
hence  higher  average  transmit  power,  without  sacrificing  range  resolution  [b.  chapter  2(>|.  The  doppler  compensation  removes  the  pnmaiv 
effect  ot  ownshtp  motion  from  the  received  signal.  Ihe  Ml  I  canceller  eliminates  most  of  r he  ground  clutter  from  the  signal  to  reduce 
spectral  leakage  and  dynamic  range  problems  in  the  II  l  Ihe  III  is  used  as  a  spectrum  analy/er  io  separate  the  received  signal  into 
its  doppler  frequencx  components.  Ihe  final  step  ot  the  lme.it  piiKCwng  is  a  rescaling,  to  adjust  the  signal  dynamic  tango  for  the  processing 
steps  which  follow. 

I  igute  *  shows  the  nonhncai  and  bandwidth  i eduction  processing  Ihe  primarx  radar  modes  require  a  constant  search  tot  processed 
target  video  in  the  range  doppler  matrix  represented  by  ihe  I  I  I  ouipui  l  his  is  mechanized  by  seaiclung  foi  cells  whose  video  magnitude 


substantially  exceeds  that  ofiioigltboimg  range  -floppier  cells.  In  a  background  averaging  ami  thresholding  pioeess  IT  I  mlei  some  condition'' 
this  is  lolloped  b\  a  preprocessing  stage  which  resolves  the  range  ambiguity  resulting  when  the  pulse  repetition  interval  is  less  than  the 
echo  tune  |5.  pp  442  444 1  latget  reports  arc  then  given  to  the  1  rack  Computer  lot  lull  posi -processing  Anotnet  bandwidth  i eduction 
stage  selects  sum  and  difference  monopulse  video  lot  a  Hacked  tat  get,  to  be  used  in  post  processing  foi  angle  etroi  measurements 

Display  processing  is  included  in  this  category  also.  Alter  the cojnplev  \ idee'  is  magnitude-detected,  it  is  smoothed  by  integration  along 
range  and  azimuth  dimensions  for  best  display  readability.  I  he  same  averaging  mechanism  is  used  in  the  DBS  display  processing  io 
average  seveial  looks  at  a  particular  range-angle  cell. 

Table  5  shows  the  computational  and  memory  capacities  in  the  various  signal  processor  modules.  Computational  capacity  is  shown 
in  equivalent  real  integer  additions  and  multiplications  on  the  basts  that  either  is  a  “one-chip"  operation  with  current  1  SI  circuits.  It 
should  be  noted  that  the  computationally  intensive  modules  do  not  correspond  to  the  memory  intensive  modules.  I  he  ability  to  provide 
the  resources  needed  at  the  point  where  they  arc  n-eded  is  an  inherent  advantage  of  the  reconfigurahle  pipeline  processor  over  the  typical 
current  programmable  signal  processor. 
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Hi'\ibilit>  Requirements  vs  Pnifessor  Stage 


A  genetic  radat  processor  consists  of 'a  linear  signal  processor,  followed  by  a  nonlinear  and  bandwidth  i  eduction  pipeline  pro.c'sor, 
winch  in  i  hi  n  teeds  the  stored-program  post  processor . 

I'lie  linear  poition  can  he  divided  info  the  I  I  I'  and  the  preprocessor.  J  he  H-  I  operates  m  a  dirierent  dimensional'*  >  than  i lie  elements 
th.it  precede  it  (e.g.,  the  pulse  compressor  and  the  M  i  l),  thus  it  is  seer 04*11  ted  by  what  we  call  a  coi  net  -1 111  n  inemoi  >  I  lie  I  I  I  is  genci  .ills 
the  last  linear  processing  Mage.  I  he  I  I  I  is  a  vciy  ellicicni  circuit,  and  could  not  he  leplaeed  with  cuuent  I’SP  elemeuis  without  giving 
up  packaging  density.  I  urthermoic.  the  only  variable  paiainetei  is  its  si/e,  and  possibly  weighting  coct fisrents.  s 0  the  PSP  tJcxibjbn 
is  not  needed. 

I  he  temamdei  of  the  linear  processor  is  not  as  tightly  inflev/hle  as  the  I  )  I .  bin  generally  uses  the  same  type  >>|  processing  toi  each 
radar  mode.  Major  pieces  are  the  puKe  compressor  and  the  M  11  canceller  twhich  mas  also  be  used  lor  picsuuuumg  in  Doppler  Beam 
Sharpening  (l)BSt).  These  will  vary  from  mode  to  mode  in  t lion  parameieis.  and  arc  gcnc.ally  insensitive  to  ordei.  with  .1  minimum 
01  new  t  unci  ions  us  he  expected  as  new  modes  are  added.  As  a  candidate  lor  PM*  application.  tins  section  iaie\  a  •■medium-',  tor  required 
tlcxibility  and  for  packaging  efficiency. 

On  the  other  Itattd.  the  processes  which  follow  the  I  J  I  are  nuns  and  vanod.  It  is  at  tins  point  where  mtoimanon  is  cut  acted  trom 
the  processed  video.  I  his  intoiniaiion  is  then  led  to  the  compuieis.  and  its  exact  nature  is  highly  dependent  on  the  radar  mode.  In  the 
basic  search  modes,  Cl  \R  target  detceiion  and  ranee  ambiguity  icsolution  are  requued.  In  the  dedicated  luck  and  an  to  ground  tanging 
modes,  the  processor  must  extract  monopulse  information.  In  the  map  modes,  the  raw  \ uleo  tin  the  case  ot  real  beam  mapping)  ot 
the  IT  I  processed  video  (lor  DBS  or  Synthetic  A  perl  lire  Radar  (SARD  must  be  integrated.  overlaved,  and  otherwise  leadied  lot  display. 
Modes  for  terrain  following  avoidance  require  more  extensive  processing  of  monopulse  data  than  aii-to  -giound  ranging,  in  order  to 
achieve  the  required  angular  coverage.  In  all  of  these  cases,  specially  tailored  pipeline  pcocessing  is  necessary.  with  .t  required  throughput 
beyond  the  capability  ot  ihe  stored  progiam  target  data  computer. 

In  general  11  js  seen  that  the  maximum  flexibility  is  required  of  the  signal  processor  in  ik  hmer  Mages  Ihese  stages  are  beyond  the 
linear  processing  section,  where  the  ugly  work,  between  signal  processing  and  computing,  must  be  done  I  his  conclusion  max  also  be 
drawn  b\  looking  at  implemeniairon  ellicicncy.  Ihe  linear  poition  ol  i he  \PC>  •  6"'  signal  pioccssoi  pipeline,  particularly  the  I  I  l.  is 
mote  compact  than  a  pi  ogu  in  limbic  sjgnal  processor  capable  ot  doing  the  same  job  However,  the  uouiutear  processing  o  about  at 
the  ciossmei .  where  a  I*SP  which  changes  luucdou  with  mode,  can  replace  the  existing  special  purpose  stages  with  Ho  increase  tn  sp.uv. 
and  provide  tlexihihiv  toi  future  giowth  It  i'  anticipated  that  as  the  capability  and  tunctioual  density  o|  the  PSp  grows,  and  .is  ihe 
ivquired  radar  signal  puvessoi  front  end  functions  grow .  the  PSP  installation  ahead  of  the  If  I  will  also  become  uoiifiwfnfc.  and  eventually 
tie  1  I  l  it  sell 
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fri  order  to  realize  a  highly  efficient  Mt vutl  processing  contigurMiiw.  ihe  architecture  »)iisi  be  well  suited  to  the  data  flow  encounieted 
m  the  intended  applications.  \  '“general  pm  pose”  tvpe  ol  architecture,  winch  provides  t  *>i  ‘‘landom”  data  flows  between  piocessmg 
elements  and  memory  elements,  is  not  elticient  in  a  t.idar  signal  processing  application  whete  the  data  tlovv  is  generally  well  simciured 
and  piediciable, 

figure  6  shows  an  architecture  developed  by  (tciicral  l  lectric  which  takes  advantage  of  tins  data  flow  |X|  Ihe  eontigiuation  shown 
rhustiafes  the  basic  concept  of  a  parallel  pipeline  niehiieetuie  tiding  small,  high  speed  programmable  Processing  Dements  (PI  s).  I  ho 
coinnunricaiion  between  the  parallel  pipelines  i-.  ieali/ed  using  a  ting  network.  Butler  storage  ol  large  data  blocks,  such  as  is  done  by 
the  Cornel  I urn  Memorv.  takes  place  in  the  memory  modules,  lach  PI  contains  l  ocal  Memory,  sot  ha1  lunations  not  requiting  mass 
slot  age  can  be  implemented  m  the  pipeline. 


It  cure  b  Programmable  Signal  Processor  -Xiehiteetute 
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The  Processing  Elements  execute  independent  programs  with  program  controlled  synchronization  interlocks  Each  Pf  includes  internal 
hardware  controllers  which  allow  instruction  execution  on  a  data  sector  to  proceed  concurrently  with  data  transfers  into  and  out  ot 
the  PE,  instruction  fetches,  and  main  memory  transfers.  Figure  7  shows  how  the  multiport  l  ocal  Meinoty  l  nit  is  interconnected  with 
the  processing  and  input  output  dexices  to  form  the  PL. 


TOtFROM  HOST 


AND  MEMORY 

f  igure  7.  Processing  (-lenient  (PI  )  functional  Partitioning 

The  diagram  shows  two  processing  devices  in  the  PL.  l  or  an>  processing  step,  the  data  may  l>e  passed  through  either  the  Signal  Processing 
l  nil  <SPt •  >  or  the  Coordinate  Rotational  Digital  Computer  (CORD1C).  I  he  SPl!  is  used  lor  linear  and  logical  operations  such  as  add. 
multiply,  and  or.  and  maximum  •  minimum,  and  can  perform  complex  arithmetic  in  a  single  pass.  I  he  CORDIC  is  a  digital  differential 
analyzer,  which  can  calculate  nonlinear  functions  at  the  same  throughput  rate,  such  as  sine  cosine,  magnitude  phase  of  a  complex  number . 
divide,  and  square  root.  The  inclusion  of  the  CORDIC  provides  the  PI  with  the  capability  needed  to  perform  main  more  of  the  functions 
required  in  the  nonlinear  portion  of  the  radar  signal  processor  at  the  high  rate  required. 

PSP  Integration  Into  Multimode  Radar 

The  nature  of  the  PSP  described  above  makes  it  very  useful  for  piecewise  integration  into  an  existing  multimode  radar,  because  the 
architecture  provides  for  a  number  of  identical,  relatively  simple  processing  elements.  Coupling  these  together  in  parallel  pipelines  allows 
them  to  be  configured  according  to  system  processing  needs.  In  contrast,  a  PSP  architecture  which  depends  on  one  super-fast  processing 
element  must  deal  with  two  problems.  One  is  that  the  processor  capability  will  nearly  always  be  substantially  different  from  the  needs 
of  an  arbitrary  system.  The  other  is  that  contention  for  resources  will  be  a  never  ending  problem  in  allocating  the  time  of  processor 
and  peripherals. 

I  he  concept  tor  staged  integration  of  the  PSP  into  the  General  Electric  Multimode  Radar  is  shown  in  figure  8.  The  area  of  most 
serious  need  has  been  identified  as  the  downstream  end  of  the  pipe.  I  he  current  system  architecture  is  very  amenable  to  introduction 
of  a  PSP  at  that  point,  without  disturbing  the  remaining  pipeline.  This  will  allow  flexibility  and  expansion  ol  detection,  integration, 
and  data  reduction  functions  which  are  the  most  changeable  I  he  second  stage  will  be  introduction  of  the  PSF’  into  the  upstream  end 
of  the  pipeline,  f  lexibility  in  this  area  will  allow  such  functions  as  spotlight  SAR  preintegration  and  focusing.  Because  the  pipeline  stages 
carry  data  in  PRI  or  CPI  hatches,  and  carry  the  tuning  cues  with  if.  the  upstream  PSP  can  also  be  accomplished  without  major  disturbance. 
The  final  stage  to  be  converted  to  PSP  operation  will  he  the  III.  at  such  time  as  the  PSP  stages  become  mote  efficient,  or  more  likely . 
when  the  benefit  of  a  total  PSP  outweighs  the  inefficiency. 

SIMMARY 

Radar  requirements  for  a  small  high  performance  airplane  with  Air-to-Air  and  Air-to-Ground  missions  often  place  constraints  on 
the  radar  power  and  aperture.  These  constraints  make  it  more  difficult  to  meet  specified  performance  requirements.  J  o  some  degree, 
these  can  be  compensated  by  increased  processor  throughput,  with  particular  attention  to  reducing  mismatch  losses 

This  paper  has  described  a  high  resolution  radar  signal  processor  designed  in  response  to  this  s;t nation,  using  high  density  I  SI  logic 
and  a  very  efficient  pipeline  architecture.  We  have  also  described  how  this  processor  is  to  he  changed  by  evolution  to  meet  the  needs 
of  the  small  fighter  airplane  of  the  next  decade. 
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figure  S.  Staged  Integration  of  PSP 


DISCISSION 


La/./areschi 

( 1 )  What  type  of  pulse  compression  is  utilized? 

(2)  The  number  of  instructions  shown  is  for  the  I  or  0.25  gs  pulse? 

Author’s  Reply 

( 1 )  It  is  not  specified,  only  the  HI  product  is  defined. 

(2)  0.25  ^seconds  but  without  oversampling. 


v  Sampled 
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Abstract 

Monopulse  seeker-heads  can  give  large  errors  due  to  closely  spaced  targets  or  even 
completely  wrong  directions  in  the  case  of  cross-eye  deception.  The  effective  counter- 
measure  against  these  errors  is  resolution  enhancement.  Super-resolution  methods  offer 
the  possibility  to  resolve  targets  closer  than  the  antenna  beamwidth.  Such  methods  are 
favourable  for  seeker-head  applications,  because  the  target  separation  as  well  as  the 
s i gna 1 -to-noi se  ratio  increases  as  the  missile  approaches  the  target. 

All  effective  super-resolution  methods  require  an  antenna  array  with  access  to  the 
single  element  outputs.  Thus  mechanical  scanning  is  replaced  by  electronical  scanning. 
Depending  on  the  type  of  missile  (SAM,  AAM,  ARM),  sometimes  antenna  pattern  restrictions 
have  to  be  tolerated.  Among  all  supe r- reso I ut i on  methods  the  parametric  target  model 
fitting  (PTMF)  method  seems  to  be  most  appropriate  for  this  application.  This  method 
tries  to  fit  a  completely  pa rameter i sed  target  model  directly  to  the  measured  data.  It 
can  be  rather  easily  computed  (compared  with  other  powerful  methods  like  eigenvector 
decomposition),  and  it  is  the  only  method  which  can  resolve  completely  correlated 
targets,  which  arise  in  the  case  of  multipath  and  cross-eye  deception.  For  seeker-heads 
with  few  antenna  elements  an  implementation  with  digital  signal  processor  chips  is  most 
suited.  Computer  simulations  and  experiments  with  measured  data  using  the  UESAS  test 
equipment  at  FFM  show  that  two  targets  separated  at  0.3  beamwidth  can  be  resolved  in 
azimuth  and  elevation  and  that  the  switch  from  conventional  monopulse  to  two-target 
estimation  (super-resolution),  which  is  crucial  for  the  approaching  missile,  can  be  done 
by  a  reliable  automatic  test  procedure. 
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RESUME 


Le  probl^me  de  la  dynamique  importante  des  signaux  h  traiter  est 
particuli^rement  ardu  dans  le  cas  des  modes  radars  &  haute  fre¬ 
quence  de  recurrence  (HFR) .  La  dynamique  de  reception  et  de  trai- 
tement  du  signal  n^cessaire  sera  d'abord  d^finie  et  £valu£e  dans 
un  cas  typique.  Les  effets  de  la  quantification  sont  ensuite 
analyses  aux  diffdrentes  4tapes  de  la  chalne  de  traitement  du 
signal  (codage,  filtre  r^jecteur,  transformde  de  Fourier).  II 
est  montre  que  les  bruits  de  quantification  dependent  beaucoup 
des  algorithmes  de  traitement  utilises.  Ainsi,  la  pj-^sence  d'un 
filtre  r^jecteur  des  echos  de  sol  peut  indirectement  accroitre 
les  probiemes  de  troncature  dus  aux  elements  situes  en  aval  de 
ce  filtre.  De  meme,  les  differents  algorithmes  de  calculs  de  la 
transformee  de  Fourier  (Fast  Fourier  Transform  (Cooley  et  Tukey) 
ou  Winogmd  Fourier  Transform)  ont  un  comportement  tr£s  different 
vis-^-vis  des  troncatures  effectuees  dans  les  operateurs.  Le  choix 
des  algorithmes  de  traitement  devra  done  prendre  en  compte,  outre 
leurs  performances  en  nombres  depurations  eiemen taires ,  leur 
sensibilite  aux  bruitsde  quantification. 


DYNAMIQUES  DES  SIGNAUX  DANS  LES  MODES  HFR 
1.1.  Dynamique  totale  et  dynamique  instantanee 

On  a  represente  sur  la  figure  1  revaluation  des  variations  de  la  puissance  des  echos 
de  sol  et  de  la  puissance  de  l'dcho  de  cible,  en  fonction  de  la  distance,  lorsque 
la  cible,  centree  dans  le  lobe  de  l'antenne,  se  trouve  b  proximite  du  sol.  Cette 
evaluation  correspond  £  un  cas  typique  de  mode  HFR  (puissance  crete  :  3  KW  -  cible 
5  -  frequence  de  recurrence  :  200  KHz  -  altitude  porteur  :  5000  ft) . 

La  dynamique  totale  des  signaux  (contraste  entre  la  puissance  minimale  de  la  cible  et 
la  puissance  maximale  du  sol)  depasse  100  dB.  Toutefois,  ces  niveaux  extremes  ne  sont 
pas  regus  dans  la  meme  configuration  (les  sites  antenne  sont  differents). 

Le  contraste  le  plus  eieve  entre  la  puissance  du  sol  et  la  puissance  de  cible  regus 
simul  tan^ment  ^/sst  obtenu  pour  une  cible  en  limite  de  portae  (distance  maximale).  Ce 
contraste  in^tantany  est  alors  de  55  dB. 


La  dynamique  instantanee  n£cessaire  pour  traiter  correctement  ces  signaux  doit  etre 
sup^rieure  h  ce  contraste.  En  effet  : 

-  le  signal  minimal  d£tect£  est  sup^rieur  au  bruit  thermique  (typiquement  5  dB)  aprds 
traitement  Doppler, 

-  le  signal  maximal  doit  etre  regu  et  traitd  sans  saturation.  11  est  n4cessaire  de 
prendre  une  garde  de  10  dB  pour  tenir  compte  des  fluctuations. 

La  dynamique  instantanee  n^cessaire  (rapport  entre  le  bruit  thermique  et  le  signal 
maximal  traitd  sans  saturation!  est  de  l*ordre  de  70  dB. 

1.2.  Evaluation  des  parasites  maxlmaux 

Les  traitements  effectu^s  dans  le  radar  introduisent  des  signaux  parasites  par  effet 
de  saturation  ou  par  effet  de  quantif ication.  Ces  parasites  ne  sont  pas  en  g^n^ral 
des  bruits  blancs  et  se  traduisent  par  des  faux  6chos  localises.  Le  niveau  tolerable 
de  ces  £chos  parasites,  donn£  par  la  courbe  de  probability  de  detection  du  radar 
(voir  figure  2),  doit  @tre  tel  que  la  fausse  alarme  dans  la  case  frequence  consid^r^e 
relive  d'une  fagon  insensible  la  fausse  alarme  globale.  On  admet  que  ce  niveau  se 
situe  environ  h  1 0  dB  sous  le  signal  minimal,  soit  environ  5  dB  sous  le  bruit  ther¬ 
mique.  Ce  parasite  doit  done  @tre  de  l'ordre  de  75  dB  sous  le  signal  maximal,  ce  qui 
fixe  le  taux  d'^limination  du  radar  et  done  la  dynamique  des  traitements. 


DYNAMIQUE  DE  CODAGE  ET  DE  TRAITEMENT 

2.1.  GEnEralitEs 

Q  i 

II  est  bien  connu  que  le  bruit  de  quantification  a  une  puissance  dgale  h  ou  q  est 

la  valeur  de  l'Echelon  de  quantification.  Toutefois,  ce  "bruit"  de  quantification  n'est 
pas  toujours  blanc  et  la  density  spectrale  de  bruit  se  prEscnte  souvent  sous  forme  de 
raies  parasites  dans  lesquelles  toute  l'Energie  de  bruit  est  concentrEe. 

Nous  allons  Etudier  une  chalne  de  traitement  classique  composEe  (voir  figure  3)  : 

-  d'un  convertisseur  analogique-numErique  (CAN), 

-  d’un  filtre  de  simple  annulation  (SA)  dont  le  role  est  la  rejection  partielle  du 
lobe  principal, 

-  d'une  transformEe  de  Fourier  rapide  (FFT)  implantEe  dans  un  calculateur  travaillant 
en  16  bits  fixes, 

-  d'un  dispositif  de  compensation  du  gain  de  la  SA  et  de  blanking  des  zones  inutilos. 

2.2.  Influence  du  codage 

2b2i*_{|u_I2oids_du_LSB  (least  significant  bit) 

La  thEorie  indique  qu'en  presence  de  bruit  gaussien  de  valeur  efficace  (Ecart  type) 
o,  le  pas  de  quantification  maximal  est  q  =  2  o. 

Les  figures  4,  5  et  6  nous  montrent  une  analyse  spectrale  du  bruit  de  quantification 
(difference  entre  le  signal  quantify  et  le  signal  d'origine)  en  fonction  de 

^  pour  un  codeur  sans  dEfaut,  le  signal  codE  Etant  compost  de  bruit  gaussien  superposE 
ci  une  sinusolde  de  grande  amplitude  (o  constant)  , 

Le  bruit  de  quantification,  constant  en  valeur  relative  pour  ^  =  1  (figure  4)  et 
^  =  2  (figure  S) ,  produit  de  nombreuses  raies  parasites  pour  ^  ^  (figure  6). 

En  fait,  les  codeurs  ne  sont  pas  parfaits  et  les  tolerances  admises  (±  LSB)  peuvent 

entrainer,  localement,  des  variations  de  la  valeur  de  q  dans  la  dynamique  de  codage. 

De  telles  variations  induisent  des  raies  parasites  (voir  figure  7)  qui  peuvent  etre 

masquEes  en  accroissant 

De  plus,  le  gain  de  la  chaine  de  reception  pouvant  varier  de  quelques  dB,  le  pas  de 
codage  maximal  doit  etre  q  <  ^ 


Dynamigue_de_ codage 

Le  traitement  Doppler  effectue  (FFT)  accrolt  le  contraste  entre  le  bruit  code  et  le 
signal  de  25  dB  environ  (FFT  512  points). 

La  contrainte  de  codage  etant  q  =  ^,  la  dynamique  minimale  de  reception  etant  de  70  dB 
et  le  codeur  devant  prendre  en  compte  les  valeurs  cretes  (et  non  les  valeurs  effi- 
caces) ,  la  dynamique  minimale  de  codage  doit  Etre  70  -  25  +  6  ♦  3  =  54  dB,  ce  qui  est 
obtenu  avec  un  codeur  10  bits  (9  bit  +  signe) . 

En  fait, ce  choix  impose  que  la  dynamique  totale  du  codeur  soit  en  permanence  utilisEe 
ce  qui  ne  peut  etre  obtenu  qu'en  rEgulant  le  gain  de  la  chaine  de  reception  par  une 
boucle  de  controle  automatique  de  gain  (CAG)  precise. 

Si  on  souhaite  s'affranchir  de  cette  boucle  (sensible  aux  broui 1 lages) ,  la  dynamique 
de  codage  doit  etre  supErieure  k  12  bits. 

2.3.  Influence  du  filtre  de  simple  annulation 

Le  r61e  de  la  simple  annulation  (SA)  est  de  rEduire  la  puissance  des  Echos  de  sol  avant 
FFT  pour  diminuer  la  dynamique  de  traitement  de  ceux-ci. 

Avec  une  dynamique  de  codage  d’environ  12  bits  et  un  calculateur  de  traitement  du 
signal  travaillant  en  16  bits  fixes,  il  n'y  a  pas  a  priori  de  problEme  de  troncature 
au  niveau  de  cette  simple  annulation. 

En  fait,  l'effet  de  filtrage  de  la  simple  annulation  attEnue  le  niveau  de  bruit  radar 
pour  les  faibles  frequences  (modulo  FR|  .  La  figure  8  reprEsente  le  spectre  d'une  'inu- 
solde  superposEe  k du  bruit  blanc  codE  avec  q  =  %  aprEs  simple  annulation  et  FF^  ^ans 
troncature.  z 


En  rEalitE,  le  calculateu  de  traitement  du  signal  (16  bits  fixes)  comporte  un  multi- 
plieur  qui  tronque  le  rEsuitat.  Le  bruit  de  troncature  (Equivalent  k  un  bruit  de  quan- 


I  t 


tification)  se  pr^sente  comroe  un  bruit  blanc  superposd  au  bruit  radar  comme  1 c  mont  ro 
ia  figure  9.  Pour  les  faibles  valeurs  do  frequence,  ce  bruit  cst  sup<*rit?ur  au  bruit 
radar  et  d^sensibilise  le  radar.  La  figure  10  montre  le  r^sultat  obtenu  apr&s  compon- 
sation  du  gain  de  la  SA. 

La  solution  h  ce  probl&me  est  de  remonter  le  gain  entre  la  .'A  et  la  FFT  pour  que  le 
bruit  de  troncature  du  multiplieur  devienne  n^gligeable  vis-5-vis  du  bruit  radar 
m£me  pour  les  plus  basses  frequences  utiles  (voir  figure  1 1 > .  Ceci  rdduit  6 videmment 
la  dynamique  des  signaux  de  cibles  traitds. 

2.4.  Influence  de  1*  algorithms  de  transform^*?  de  Fourier 

II  existe  diff£rents  algorithmes  pour  calculer  la  transform^  de  Fourier  du  signal 
dont  les  performances  en  temps  de  calcul  sont  importantes  pour  le  dimensionnemcnt  des 
processeurs  de  traitement  du  signal.  La  transforms  de  Fourier  de  winoqad  (WFT)  par 
exemple  assure  un  gain  de  calcul  sup^rieur  h  50  %  par  rapport  h  l’algorithme  classique 
de  FFT  (algorithme  de  Cooley  -  Tukey)  pour  1  *  application  considers  (N  ~  500  points). 

Par  contre,  le  comportement  de  ces  algorithmes  vis-£-vis  des  probl6mes  de  troncatures 
li4s  aux  multiplieurs  utilises  dans  les  processeurs  est  tr6s  different.  Ainsi,  l'algo- 
rithme  de  WFT  est  beaucoup  plus  sensible  aux  troncatures.  De  plus,  meme  pour  l1 algo¬ 
rithme  de  WFT,  l*ordre  d*ex6cution  des  transformdes  de  Fourier  dldmentaires  est 
important  comme  le  prouvent  les  figures  12  et  13  qui  montrent  le  signal  en  sortie  de 
WFT  504  points  effectud  dans  l'ordre  7-9-8  (figure  12)  et  dans  l’ordre  8-7-9 
(figure  13).  Pour  ces  deux  exemples,  le  signal  d'entrde  est  compos d  d '  une  sinusolde 

superposde  h  du  bruit  blanc  (coddes  avec  ^  =  2)  et  le  rdsultat  a  dtd  moyennd  sur  10 
tirages  pour  mettre  mieux  en  dvidence  les  raies  parasites  gdndrdes  dans  le  cas  7-9-8. 

L'algorithme  FFT  (512)  est  dans  ce  cas  prdfdrable  meme  s'il  est  moins  optimisd  en 
temps  de  calcul. 

3  -  CONCLUSIONS 

La  dynamique  des  signaux  £  traiter  dans  les  modes  ci  haute  frdquence  de  rdcurrence  des 
radars  adroportds  impose  des  contraintes  sdvdres  au  niveau  de  la  rdception  et  du  trai¬ 
tement  de  ces  signaux. 

Aprds  avoir  dvalud  la  dynamique  strictement  ndcessaire  vis-i-vis  des  signaux  de 
retour  de  sol,  de  cibles  et  de  parasites,  nous  avons  abordd  le  probldme  des  bruits 
et  parasites  de  quantification  aux  diffdrentes  dtapes  de  la  chaine  de  traitement.  Le 
but  de  cette  £tude  est  de  permettre  le  cadrage  de  la  dynamique  utile  dans  la  dynamique 
disponible  donnde  par  un  processeur  de  traitement  du  signal  travaillant  en  16  bits 
fixes. 


II  a  6t£  montrg  que  l'4tude  des  bruits  de  quantification  est  primordiale  dans  le  choix 
des  algorithmes  de  traitement  du  signal  et  que  les  solutions  £  retenir  ne  sont  pas 
tou jours  les  solutions  optimales  en  temps  de  calcul. 


F lgure  1  :  puissances  des  4chos  de  sol  et  de  cible  en  fonction  de  la  distance 
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Figure  12  :  spectre  avec  WFT  504  points  7-9-8 
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Figure  1 3  :  spectre  avec  WFT  504  points  8-7-9 
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SUWARY 

Systolic  architectures  for  digital  and  analog,  electronic  and  optical  signal  processing  are  presented 
along  with  specific  applications  to  adaptive  nulling.  It  is  shown  how  the  various  architectures  provide 
for  the  implementation  of  adaptive  algorithms  and  how  technologies  affect  performance.  Their  effects  on 
adaptive  degrees  of  freedom,  convergence  time,  null  depth,  signal  to  noise  »~atio  are  presented  along  with 
size,  weight,  and  required  power.  Adaptive  algorithms  covered  are  of  two  basic  types:  feedback /iterative 
and  direct  methods.  Examples  of  each  include  the  Least  Mean  Square  (LMS)  for  the  iterative  type  and  the 
QU  factorization  based  on  the  Givens  Method  for  the  direct  method. 

Simulation  results  have  verified  the  performance  of  the  least  squares  and  the  systolic  array  for  QU 
factorization  by  Givens  Method.  Improved  performance  was  obtained  using  the  modified  minimum  variance 
distortionless  response  algorithm  based  on  the  maxihum  likelihood  criteria.  An  optical  implementation  of 
the  least  squares  algorithm  over  a  continuously  adaptive  multi -path  was  experimental ly  evaluated.  Thus 
far,  24  dB  of  cancellation  was  achieved  over  a  7  micro-second  multi-path  window  for  10  mega-Hertz 
instantaneously  bandwidth. 

Adaptivity  in  the  spatial,  temporal,  and  Doppler  domains  are  illustrated  and  their  embodiment  into 
the  various  architectures  are  presented.  For  example,  an  analog  optical  processor  which  generates  weights 
in  the  spatial  and  temporal  (multi-path)  domains  for  broadband  systems  is  shown.  Also  shown  is  a  digital 
systolic  architecture  which  is  applied  to  a  direct  decomposition  method  for  generation  of  adaptive  weights 
In  the  spatial  and  Doppler  domains.  A  description  of  brassboard  models  representing  both  type 
architectures  that  will  be  tested  in  RADC  (Rome  Air  Development  Center)  laooratories  is  included. 

THE  ELECTROMAGNETIC  AIRBORNE  RADAR  ENVIRONMENT 

A  typical  radar  system  contains  a  large  steered  array  that  alternately  transmits  and  receives  RF 
pulses.  The  array  is  focused  so  that  energy  is  directed  primarily  in  a  single  direction,  and  so  that  the 
arr^y  has  maxlmu^  receiving  gain  for  returns  from  the  same  direction.  Returning  pulses  have  power 
proportional  to  r  while  jarrmlng  and  other  forms  of  active  interference  have  power  proportional  to  r~c 
where  r  Is  the  distance  from  the  airborne  radar  to  the  emitter.  Returning  pulses  also  have  a  Doppler 
shift  proportional  to  the  relative  velocity  between  the  radar  and  the  target.  A  typical  air  based  radar 
is  shown  In  Figure  1.  Many  signal  processing  techniques  have  been  developed  for  receiving  desired  radar 
returns  in  the  presence  of  jarrmlng,  clutter,  and  multi -path  ([1]  Applemaum  1966,  [2]  Brennan  and  Reed 
1973,  [3]  Masak,  Kowalski,  Lackey  and  Saggio  1980).  These  techniques  employ  adaptive  spatial  filtering  to 
reject  signals  from  other  than  the  look  direction,  adaptive  spectral  nulling  to  discriminate  between 
desired  and  undeslred  signals  on  the  basis  of  Doppler  shift,  and  adaptive  time  delay  equalization  to 
cancel  delayed  replicas  of  these  noise  like  signals  due  to  multi -path  environments. 

In  order  to  achieve  such  multi -domain  nulling,  radar  systems  usually  combine  the  received  signal  from 
the  main  array  with  signals  from  one  or  more  low  gain  auxiliary  elements  as  illustrated  in  Figure  2.  In 
practice,  the  auxiliary  elements  may  physically  be  a  subset  of  the  large  number  of  ormidi recti onal  low 
gain  antennas  that  comprise  the  main  array.  Because  the  auxiliary  elements  are  low  gain  and  the  desired 
returns  are  very  weak  (due  to  the  r‘q  attenuation),  the  signals  from  these  elements  are  dominated  by 
janrer,  clutter,  and  multi -path  and  can  therefore  be  used  to  compute  the  adaptive  weights. 

The  paper  focuses  on  algorithms  and  architectures  for  combining  the  signals  from  the  auxiliary  and 
the  main  array  so  as  to  separate  the  desired  returns  from  sources  of  interference  caused  by  clutter, 
jammers  and  associated  multi -path. 

ADAPTIVE  ARRAY  PROCESSING 

We  shall  now  review  the  standard  mathematical  model  that  is  used  in  adaptive  array  processing. 
Figure  3  illustrates  the  generic  adaptive  array  processing  problem.  In  the  basic  model,  an  array  of 
sensors  receives  a  linear  superposition  of  multiple  signals  and  noise.  The  adaptive  signal  processor 
separates  the  signals,  and  generates  as  output  the  waveforms  or  parameters  of  one  or  more  of  the  signals. 

An  adaptive  array  processor  typically  is  based  on  an  adaptive  linear  combiner  of  the  type  shown  in 
Figure  4.  The  processor  forms  an  estimate  of  a  desired  signal  as  a  linear  combination  of  a  set  of  mp 
sanples  received  at  m  sensors  at  p  different  times.  This  linear  combination  is  determined  by  a  set  of  mp 
coefficients  that  are  generated  by  an  adaptive  signal  processing  algorithm. 


I  -V 


The  tapped  delay  line  structure  ot  the  linear  combiner  allows  for  discrimination  among  signals  on  the 
basis  of  their  spectral  or  time  delay  characteristics.  This  is  important  when  the  frequency  range  of 
interest  is  Urge  compared  with  the  carrier  or  center  frequency  (the  wide-band  case).  In  narrow  band 
problems  it  is  sufficient  to  combine  only  one  sample  from  each  sensor.  A  single  wide-band  problem  can 
often  be  separated  into  a  Urge  number  of  distinct  narrow-band  problems  by  Fourier  transforming  the  data 
that  is  received  at  each  sensor. 

The  optimal  weight  vector  is  given  as  the  solution  to  the  discrete  Weiner-Hopf  equation,  R  w  =  d, 
where  R  is  the  covariance  matrix  of  the  incornning  signals  taken  across  each  element  and  d  is  the  cross 
correlation  between  the  received  data  x(t)  and  the  unknown  desired  signal,  s(t).  The  covariance  matrix, 
R,  and  cross  correlation  vector,  d,  are  unknown  quantities,  and  thus  it  is  not  possible  to  compute  the 
optimum  weight  vector.  However,  an  approximation  to  the  optimal  weight  vector  can  be  found  by  solving  the 
deterministic  least  squares  problem,  minimize  ::Aw  -  b::,  where  A  is  the  snapshot  matrix  of  the  time 
sequence  of  all  the  array  elements  and  b  is  the  so  called  desired  response.  Constraints  may  be  introduced 
to  the  least  squares  problem  in  the  form  of  Cw  =  e  where  C  and  e  are  defined  as  a  complex  matrix  and  a 
complex  vector  respectively  and  are  based  on  apriori  knowledge,  e.g.  the  look  direction.  Combining  the 
deterministic  data  and  constraints  leads  to  the  formulation  of  the  soft -constraint  least-squares  problem 
that  will  be  the  subject  of  the  algorithm  and  architecture  discussed  later.  In  this  case,  we  find  a 
weight  vector,  w,  that  minimizes 

: : Aw  -  b::2  ♦  : :Cw  -  e::2 


The  solution  to  the  soft  constraint  problem  will  not  satisfy  either  the  normal  equations  determined  by 
the  data,  or  the  constraint  equation,  but  will  in  effect  be  a  compromise  between  the  two. 

We  will  assume  that  the  columns  of  A  are  linearly  independent  which  guarantees  that  the  LS  problem 
has  a  unique  solution.  This  unique  LS  solution  is  given  by  w  =  A  b  where  A  is  the  m  X  M  generalized 
inverse  of  A.  The  LS  solution  of  Aw  =  b  is  also  the  unique  solution  of  the  normal  equations 


Under  our  assumpti ons  that  the  columns  of  A  are  linearly  independent,  the  m  ><  m  matrix,  AH  A  is 
nonsingular,  and  therefore  the  LS  solution  Is  given  by 

w  =  (AH  A)'1  AH  b 

In  computing  the  LS  solution,  ft  is  best  not  to  form  the  normal  equations.  The  LS  solution  can  be 
found  with  better  accuracy  and  less  computation  through  a  factorization  of  the  data  matrix  A  of  the  form, 
A  =  QU  where  Q  is  an  N  ><  m  matrix  with  orthonormal  columns,  Qn  Q  *  I,  and  U  is  an  m  X  in  upper  triangular 

matrix.  There  are  well  known  procedures  for  conputing  a  factorization  A  =  QU  based  on  Gram-Schmidt 

orthogonal iz at i on,  Givens  rotations  and  Householder  reflections  (GVL ) . 

It  has  been  shown  by  [4]  B.P.  Medoff  et  al  that  a  soft -constraint  formulation  of  the  LS  problem 
includes  as  a  special  case  a  related  hard -constraint  LS  problem.  The  hard-constraint  problem  is  as 
follows:  minimize  ::Aw::  subject  to  d  w  =  1  where  is  an  n><m  complex  data  matrix  as  before,  and  d  is 
an  n  element  column  vector.  The  equation  d  w  =1  is  a  so-called  hard  constraint.  It  is  easily 

verified  that  the  solution  to  the  hard-constraint  IS  problem  is  given  by 


where 


1  -1 . 
w  =  — (A  A)  d 


.H.H.  ^ 
a  =  d  A  A  d 


To  obtain  this  vector  as  the  solution  of  a  LS  problem  with  soft  constraints,  consider  minimizing  the  cost 

J(w)  =  : :Aw  -  b: +  : :Cw  -  e::^ 
where  b=0  C=dH  e=l 

The  solution  to  the  unconstrained  problem  can  be  written  (Medoff  et  al)  as 

w  =  (AHA  *  ddV’d  • - p-n  —  (AHA) ~1d 

1  *■  d  AHA  d 


This  is  a  scalar  multiple  of  the  solution  to  the  hard  constrained  problem. 

2  2 

We  have  shown  that  both  the  soft -constraint  LS  problem,  minimize  :  :Aw  -  b::  ♦  ::Cw  -  e:  :  and  the 

hard-constraint  LS  problem,  minimize  ::Aw::  subject  to  d  w  =  1,  can  be  embedded  ir.  a  larger  unconstrained 
LS  problem.  Many  algorithms  for  solving  unconstrained  LS  problems  have  been  investigated.  We  will 
concentrate  on  the  QU  factorization  based  on  the  Givens  Method  since  this  method  has  both  superior 
numerical  properties  and  an  excellent  systolic  implementation.  We  start  with  the  Gram-Schmidt  algorithm 
as  a  basis  from  which  we  go  into  the  Givens  Method. 


MODIFIED  GRAM-SCHMIDT  (MGS)  ALGORITHM 

The  Gram-Schmidt  algorithm  computes  a  factorization  of  the  data  matrix,  A  =  QU,  where  U  is  an  m  X  m 
conplex  upper  trfangular  jnatrix  with  positive  real  diagonal  elements,  and  Q  is  an  N  X  m  complex  matrix 
with  orthonorrol  columns,  Q  Q  =  I  .  .  ,  a  unit  matrix.  The  MGS  algorithm  generates  the  columns  of  Q  by 

sequentially  processing  the  columffs>ofmA.  Let  a^  denote  column  i  of  A, 

A  *  [al  -  ■  ■  9  ni 


and  let  denote  column  i  of  Q 

3  -  rqx  q2  .  .  .  q  J 

Let  the  elements  of  the  upper  triangular  matrix,  U,  be 


i  “11  s12 

s13- 

*  ®lm 

i  “22 

623 

U  =  | 

“33 

;  .  .  0  . 
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The  factorization  generated  by  MGS  can  be  used  to  solveHthe  IS  problem  as  follows.  Substitute  A  -  u U 
in  the  original  equation  Aw  s  6  to  obtain  QUw  *  b,  or  Uw  =  Q  b.  The  solution  is  found  by  corrupting  e  =  Qflb 
(rratrix  multiply)  and  then  solving  Uw  -  e  for  w  (backsubstitution). 


GIVENS  METHOD 

Givens  Method  is  a  QU  algorithm  that  confutes  the  IS  solution  of  Aw  =  b  without  explicitly  forming 
the  matrix  AnA  that  apears  In  the  normal  equations.  Instead,  the  algorithm  applies  a  sequence  of  2  X  2 
complex  Givens  rotations  that  transform  the  matrix  A  into  an  upper  triangular  matrix  U  with  a  positive 
real  diagonal.  The  matrix  U  is  related  to  A  by  an  orthogonal  transformation  Q  such  that  A  =  QU  where  the 
columns  of  Q  are  orthonormal,  QnQ  =  I.  Note  that 

aha  =  uHqHqu  =  uHu 

We  conclude  that  U  is  the  same  upper  triangular  matrix  that  is  obtained  by  applying  the  Cholesky  algorithm 
to  AnA. 

We  will  first  state  the  complex  Givens  algorithm  for  determining  the  upper  triangular  matrix  U.  The 
algorithm  applies  plane  rotations  that  are  defined  as  follows.  Given  a  complex  number,  x,  and  a  real 
number,  *,  we  define  a  2  X  2  complex  matrix,  M(x,t)  by 


M(x.A) 


c 

-v 


u 

c 


with  elements  c  and  u  such  that 


c  u  :  :  x  :  :  p 

■v  c  :  :  t  :  :  0 


where  u  and  p  are  real.  The  quantities  p,  c,  and  u  are  gi 


TCM  uj 


„  <-  (t2+  :x:2  J1'2 


c  <—  x/l 
u  t/p 

It  fs  easily  verified  that  N  is  an  orthogonal  matrix,  =  I.  To  sinplify  the  algorithm  we  will 

assume  that  the  last  row  of  A  is  zero.  The  algorithm  overwrites  the  elements  of  A  forcing  zeroes  belcw 
the  diagonal  starting  from  the  left  column  and  the  last  row.  The  triangular  factor,  U,  is  left  In  the 
first  m  rows  of  A. 


ALGORITHM  REALIZATION 

u 

Algorithms  that  form  the  sairple  covariance  matrix,  A  A,  solve  a  problem  that  is  more  sensitive  than 
the  problem  solved  by  algorithms  that  work  directly  with  the  data  matrix,  A.  The  sensitivity  of  the  first 
problem  is  governed  by  the  ratio  [5]  Golub  1983  of  the  maximum  eigenvalue  to  the  mfmfmum  eigenvalue  of  the 
covariance  matrix.  On  the  other  hand,  the  sensitivity  of  the  second  problem  Is  governed  by  the  ratio 
[6]  Elden  1980  of  the  maximum  singular  value  of  A  to  the  minimum  singular  value  of  A.  Because  the  first 
problem  can  beHmuch  more  sensitive  than  the  second  problem,  this  Increased  sensitivity  means  that  methods 
which  form  AHA  can  require  twice  as  many  bits  of  precision  to  achieve  the  same  accuracy  as  methods  that 
process  A  directly. 

Of  the  methods  that  process  A  directly,  two  methods  —  Gram-Schmidt  and  Givens  Method  --  are  QU 
methods:  that  is,  they  compute  a  factorization  A  =  QU  where  Q  has  orthonormal  columns,  Q  Q  =  I.  In  QU 


methods,  the  input  data  is  subjected  to  orthogonal  linear  transformations.  Because  an  orthogonal 
transformation  preserves  angles  between  vectors  and  the  lengths  of  the  vectors,  no  large  numerical  values 
can  occur  at  intermediate  stages  of  the  corputati on.  In  addition,  no  ill-conditioned  matrices  can  be 
created  if  the  input  is  well  conditioned.  The  absence  of  large  intermediate  results  is  essential  to 
control  the  introduction  of  roundoff  errors.  The  preservation  of  conditioning  prevents  unnecessary  growth 
in  the  effect  of  roundoff.  The  numerical  stability  of  QU  algorithms  is  well  established  in  the  numerical 
analysis  literature.  The  stability  of  the  Givens  Method  is  shown  by  [5]  Golub  and  Van  loan  ( GVL. )  and 
[7]  Wilkinson  (AEP).  See  also  [8]  Gentleman  1973  and  [9]  Hammarling  1974.  The  stability  of  the  Modified 
Gram-Schmidt  is  shown  by  [10]  Bjorck  1967. 

The  MSG  algorithm  selected  here  works  within  the  dynamic  range,  r,  of  the  input  data.  Hence  fixed 
point  precision  of  r  bits  is  adequate.  However,  the  use  of  floating  point  arithmetic  representation  will 
greatly  simplify  the  design  by  eliminating  the  need  for  camp! icated  scaling  thus  allowing  hardware 
flexibility  for  problems  of  varying  size  and  dynamic  range. 


HARDWARE  REALIZATION 

The  QU  factorization  based  on  Givens  Method  has  both  superior  numerical  properties  and  an  excellent 
systolic  implementation.  The  general  characteristics  of  systolic  arrays  are  well  documented  in  the 
literature  [II]  Kung  1980. 

Reliability  and  Fault  Tolerance: 

The  important  issue  of  reliability  and  fault  tolerance  is  common  to  all  of  our  systolic  designs.  We 
will  consider  two  approaches  to  fault  tolerance  in  systolic  arrays:  reconfigurable  arrays ,  and  fault 
tolerant  algorithms.  In  the  reconfigurable  array  approach  a  defective  cell  is  bypassed.  The  bypass 
requires  staging  registers,  but  there  is  no  increase  in  interconnection  length.  For  a  unidirectional 
linear  array,  100%  utilization  of  live  cells  is  achieved  for  any  number  of  failures  as  illustrated  in 
Figure  5.  For  two-dimensional  arrays,  a  reasonably  good  utilization  of  live  cells  can  be  achieved  if  the 
faulty  cells  can  be  bypassed  to  create  a  smaller  two-dimensional  array  as  in  Figure  6. 

An  alternative  approach  is  based  on  fault  tolerant  algorithms.  These  algorithms  use  error  correcting 
codes--simi lar  to  checksums--that  are  preserved  by  the  matrix  computation  of  the  array.  A  low-cost 
weighted  checksum  scheme  can  detect  and  correct  single  errors.  The  hardware  and  time  penalties  are 
minimal.  Figure  7  shows  that  if  a  properly  encoded  matrix.  A,  having  two  checksum  vectors  is  multiplied 
by  a  similarly  encoded  matrix,  B,  the  matrix  multiplication  preserves  the  checksums.  If  the  checksum 
indicates  an  error,  a  simple  correction  algorithm  is  invoked.  The  checksum  technique  is  applicable  to 
matri x  addition,  mu  It ipl ication,  various  decompositions,  transposition,  and  scalar  matrix  products. 

Hardware  System  Architecture: 

A  block  diagram  of  the  signal  processing  system  is  shown  in  Figure  8.  Signals  received  at  the 
antennas  are  down  converted  to  an  intermediate  frequency,  then  digitized  and  stored  in  a  buffer  memory. 
The  digital  processing  system  is  divided  into  two  parts;  the  Systolic  Weight  Computer  (SWC)  which  reads 

blocks  of  data  from  memory  and  computes  an  optimal  weight  vector  and  the  Digital  Weight  Applier  (DWA) 

which  computes  complex  dot  products  between  a  weight  vector  and  the  data  from  the  sensor  array. 

The  same  architecture,  and  all  of  our  Systolic  Weight  Computer  designs  given  below,  are  applicable  to 
a  hybrid  system  that  uses  an  analog  weight  applier.  We  believe,  however,  that  an  all  digital  approach  has 
nwny  advantages.  The  digital  weight  applier  does  not  suffer  from  the  phase  and  gain  inaccuracies  that  are 
inherent  fn  an  analog  beamformer.  Furthermore,  by  digitizing  and  buffering  the  data,  non-causal 
processing  is  possible.  The  weights  can  be  applied  to  the  same  data  from  which  they  were  calculated. 

We  assume  that  all  processing  is  done  on  blocks  of  N  snapshots.  The  system  memory  must  accomodate 
at  least  three  blocks  of  size  N:  one  being  filled  with  new  data  from  the  sensors,  one  holding  data  from 
which  a  weight  vector  is  being  computed,  and  one  from  which  outputs  are  being  formed  {it  may  be  possible 
to  overlap  the  input  and  output  blocks).  In  addition,  if  we  assume  that  the  system  is  pipelined  with  k 
stages,  the  memory  must  be  capable  of  storing  data  for  d  distinct  problems.  Thus  roughly  3kNm  complex 
integers  must  be  stored.  Note  that  the  number  of  bits  per  word  is  the  number  of  bits  provided  by  the 
analog-to  digital  converter. 

VLSI/VHSIC  Chips: 

ESL  has  studied  the  use  of  cust  xn  VLSI  chips  and  commercial  VLSI  chips  in  their  hardware  designs. 

The  characteristics  of  these  chips  are  summarized  in  Table  I.  All  of  the  floating  point  chips  (labeled 

FP)  in  Table  1  are  applicable  to  the  Systolic  Weight  Conputer.  The  remaining  chips  are  fixed  point  and 
are  applicable  to  the  Digital  Weight  Applier. 

The  ESL  Systolic  Chip  is  a  custom  VLSI  chip  that  has  been  specifically  designed  for  use  in  systolic 
array s.  The  chip  is  a  high  speed  floating  point  mu  It i ply /adder  designed  to  support  both  conplex  and  real 
arithmetic.  A  functional  floor  plan  of  the  chip  is  shown  in  Figure  9.  Chip  operands  are  32  bit  IEEE 
format  floating  point  numbers.  In  complex  mode,  successive  operands  are  treated  as  the  real  and  imaginary 
parts  of  complex  numbers.  In  real  mode,  each  floating-point  operand  is  treated  as  a  distinct  real  number. 
The  chip  has  3  input  data  ports  (A,  B,  and  C)  and  2  output  data  ports  (BD  and  CD)  operating  at  10  Mhz. 
All  5  data  ports  are  1  byte  (9  bits)  wide  requiring  4  consecutive  1-byte  data  transfers  to  complete  a  real 
operand  transfer.  The  principal  operation  performed  by  the  systolic  chip  is  to  accept  3  input  operands 
(A,  B,  and  C)  and  produce  2  results  (BD,  and  CD)  such  that 

BD  <  — -  B 


CD  <—  A*B  ♦  C 


Control  lines  are  provided  that  can  selectively  invert  and  or  conjugate  the  A,  B,  and  C  inputs.  The  BD 
output,  a  delayed  version  of  the  B  input,  is  useful  for  interchip  data  propagation  within  a  systolic 
array.  Special  input  and  output  controls  are  provided  for  interchip  synchronization.  The  chip  employs 
extensive  pipelining  to  achieve  high  throughput.  It  is  implemented  in  a  1.5  micron  CMOS  process  with 
approximately  55,000  transistors.  Power  dissipation  will  be  approximately  2  watts  at  the  50  ns  maximum 
clock  rate.  Finally,  .we  point  out  that  the  ESL  Systolic  Chip  meets  the  VHSIC  I  functional  throughput 
specification  of  5  ><  10uGATE-Hz/cnr. 

Systolic  Weight  Computer: 

The  Systolic  Weight  Computer  (SWC)  reads  data  from  the  data  memory  and  computes  an  optimal  weight 
vector  using  the  Givens  Method  as  follows. 


1.  F  orm 


A  <~ 


;  c 

:  A 


b 


:  b 


2.  Form  A  <—  l  A  b  f 


3.  Apply  Givens  algorithm  to  A  to  obtain 

qH?  -  :  u  qHb  : 


H  ° 

4.  Solve  Uw  =  Q  b  for  w  by  backsubstituti on. 

The  hardware  implementation  of  Givens  Method  makes  use  of  two  systolic  arrays.  The  first  systolic 
array  which  we  will  refer  to  as  the  Q(X  array,  applies  an  orthogonal  transformation  Q  to  a  large  matrix 
formed  from  A,  b,  C  and  e  as  follows. 


□  ;  C  e  ;  ;  U  f  ; 

QH  1  !  =  1  1 

-  A  b  :  :  0  g  : 


where  U  is  an  m  X  m  upper  triangular  matrix  with  positive  real  diagonal,  0  denotes  a  (N-m)  ><  m  matrix  of 
zeroes,  and  f  is  an  m  element  vector.  The  optimum  weight  vector  is  the  solution  to  the  triangular  system 

Uw  =  f 

The  second  systolic  array  Is  therefore  a  backsolve  array  which  solves  for  the  optimal  weight  vector. 
Figure  10  shows  a  block  diagram  of  the  SWC  with  the  two  systolic  arrays  that  are  used  in  Givens  Method. 
We  will  describe  both  systolic  arrays  in  detail.  For  each  array  we  will  give  the  cell  definition  and 
interconnection,  and  then  consider  tradeoffs  in  cell  inplementation. 

The  QU  factorization  array  is  based  on  a  design  given  by  [8]  Gentlemen  and  Kung  (1981),  and  on 
extensions  given  b>  [12]  Schreiner  and  Kuekes  (1982).  The  basic  QU  array  is  triangular  with  m  rows  and 
m+1  columns.  The  topology  of  a  12  X  13  array  is  illustrated  In  Figure  11.  The  arrays  contain  cells  of 
two  types:  boundary  cells  (circles)  which  generate  plane  rotations,  and  internal  cells  (squares)  which 
apply  plane  rotations.  Data  is  Hocked  into  the  array  from  the  top.  The  upper  triangular  matrix  U  and 
vector  f  are  computed  in  the  arra  .  Figure  12  depicts  the  operation  of  the  boundary  and  internal  cells  in 
more  detail.  The  boundary  cell  r  ads  a  coiiplex  input  value,  x,  and  stores  internally  a  real  number,  t. 
It  computes  real  numbers,  p  and  m  and  a  complex  number,  c,  as 


c  <--  x/p 
u  < —  i/p 

All  cells  in  the  array  change  state  with  a  clock  input.  Thus  if  i  is  the  current  state  of  the  boundary 
cell,  c  is  taken  as  the  next  state  (by  state  we  mean  the  value  stored  in  the  cell).  The  quantities  c  and 
u  define  a  2  ><  2  rotation  such  that 


The  internal  cell  applies  a 
complex  number,  y,  internally, 
and  u,  from  the  cell  to  the  left. 


2><2  rotation  to  a  two  element  conplex  vector.  The  cell  stores  a 
It  reads  a  complex  number,  x,  from  the  cell  above,  and  the  quantities,  c 
The  internal  cell  computes  the  quantities,  y  and  z  as 


y 


u 

c 


X 
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The  rotation,  c  and  u  is  passed  to  the  cell  on  the  right,  z  is  passed  to  the  cell  below,  and  y  becomes  the 
next  state  of  the  cell. 

The  operation  of  the  QU  array  is  best  understood  by  the  following  inductive  explanation.  Let  A  be  an 
N  X-iii  matrix  and  suppose  that  we  have  an  m  ><  m  upper  triangular  matrix  U  such  that  A  =  QU  where  QttQ  =  I. 
Let  A  be  the  (N+l)  ><  m  matrix  formed  by  adding  an  additional  row  xn  to  A. 


A  = 
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Given-A  and  U,  we  want  to  find  an  upper  triangular  matrix  U  such  that  A  =  QU  where  Q  Q  =  I.  In  order  to 
find  U  we  form  the  (m+1)  X  m  upper  Hessenberg  matrix 


This  matrix  has  real  nonzero  values  on  the  first0s«b-diagonal .  Although  it  is  not  triangular,  it  is 
related  to  A  through  an  orthogonal  transformation  A  =  Q  U  where 
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The  upper  triangular  matrix  U  is  easily  computed  ftom  U  by  applying  a  sequence  of  m  Givens  rotations, 
gach  of  which  zeros  one  element  on  the  subdiagonal  of  1).  With  Q.  denoting  the  rotation  that  zeros 
ui+1  j  we  have 


U 

0 
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Figure  13  shows  the  operation  of  the  QU  array  in  more  detail.  The  input  data  are  skewed  in  time  so 
that  at  each  internal  cell  a  rotation  arrives  from  the  left  at  the  same  time  as  the  corresponding  input 
value  arrives  from  the  top.  A  single  snapshot  is  read  in  on  m  consecutive  clocks,  and  an  additional  m 
clocks  are  needed  to  update  the  entire  array.  Thus,  N +2m  clocks  are  needed  to  compute  the  m  X  m 
triangular  factor  for  a  matrix  of  size  N  X  m. 

This  concludes  the  subject  on  digital  systolic  arrays.  Sinulation  results  are  contained  in  [4]. 
Next  we  shall  describe  the  Acousto  Optic  Adaptive  Processor. 


ACOUSTO-OPTIC  ADAPTIVE  PROCESSOR 

This  particular  sidelobe  canceller  lends  itself  to  radar  operating  i r.  an  Interference  multi -path 

environment  and  is  configured  using  an  optical  signal  processing  approach.  Optimum  weights,  distributed 

over  the  time  domain,  are  generated  through  the  use  of  Bragg  cells,  a  liquid  crystal  spatial  light 

modulator  and  an  optical  detector. 

Major  effort  has  been  applied  toward  the  cancellation  of  interfering/ jamming  signals  incident  on 
radar/conmunlcatf oris  systems  [13]-[18],  The  most  frequently  occurring  situation  is  the  reception  of 
interfering  signals  through  the  antenna  sidelobes.  To  cancel  such  forms  of  interference,  an  auxiliary  set 
of  antenna  elements,  co-located  with  the  main  antenna,  are  electronically  weighted  and  applied  to  the 
antenna  output  in  such  a  manner  so  as  to  continuously  place  pattern  nulls  in  the  directions  of 
Interference.  In  general,  one  corf) lex  weight  must  be  applied  to  the  antenna  system  for  each  source  of 
interference  located  in  the  electromagnetic  environment. 

Normally,  one  interference  source  as  seen  by  the  system  may  consist  of  a  noiselike  signal  via  the 
direct  path  propagation  from  its  radiating  element.  In  narrow  band  systems,  the  direct  path  and  all 

associated  multi-paths  provide  a  superposition  of  correlated  replicas  of  the  interfering  signal  to  the 
system.  The  net  effect  is  the  presence  of  one  Interfering  signal  despite  the  fact  that  each  replica  was 
received  from  a  different  direction.  One  conplex  adaptive  weight  Is  required  to  cancel  such  an 
interfering  signal.  For  wide  band  systems  the  situation  is  different.  As  shown  In  Figure  14  each 


multi -path  propagation  gives  rise  to  a  delayed  replica  of  interference,  which  becomes  time  decorrelated 
with  respect  to  the  direct  path.  In  order  to  provide  for  cancellation  against  such  conplex  interfering 
environments,  one  may  be  required  to  deploy  and  weight  (1)  additional  auxiliary  antenna  elements,  or  (2) 
taps  off  delay  lines  each  driven  by  an  antenna  element  per  independent  interferor  as  illustrated  In 
Figure  15.  In  the  case  of  time  decorrelation  due  to  multi -path,  the  delay  line  approach  Is  more  desirable 
since  it  eliminates  the  need  for  additional  auxiliary  antennas.  When  deploying  such  a  large  number  of 
weights,  the  circuitry  and  tap  delay  spacing  become  very  unwieldy.  This  is  due  to  the  fact  that  a  tap  is 
required  at  every  time  delay  increment  corresponding  to  the  bandwidth  rate  of  the  system.  For  realistic 
multi -paths,  the  number  of  weighted  taps  can  easily  become  greater  than  one  hundred. 

An  acousto-optic  (AO)  version  of  the  canceller  shown  in  Figure  15  was  perceived  by  Dicley  [19]  in 

1975.  This  original  suggested  architecture  was  developed  by  Rhodes  and  Brown  [20]  and  more  recently  by 

Penn  [21]  [22].  In  such  a  system,  the  set  of  tapped  delay  lines  across  the  auxiliary  channels  are 

irrplemented  through  a  set  of  Bragg  cells  as  shown  In  Figure  16.  Each  Bragg  cell  corresponds  to  a  tapped 
delay  line  in  which  the  tap  spacing  Is  continuously  distributed.  The  reference  signal  containing  the 
interference  enters  from  the  auxiliary  channel  whereupon  it  is  delayed  along  the  first  Bragg  cell  and 
multiplied  by  the  main  channel  signal.  The  multiplication  is  the  Interaction  of  the  optically  modulated 
light  diffracted  by  the  stresses  set  up  in  the  Bragg  cell  due  to  the  acoustic  wave  excited  by  the 
interference  signal.  This  occurs  at  reference  plane  A. 

Next,  the  product  of  the  system  output  and  the  delayed  auxiliary  channel  are  integrated  at  the 

optical  image  detector  integrator  and  mapped  as  an  image  on  the  surface  of  a  liquid  crystal  spatial  light 
modulator  at  plane  B  In  Figure  16.  Typically,  the  integrator  weighting  function,  p-r(t)  Is  an  exponential 
decay  such  as  illustrated  in  Figure  17  with  typical  storage  times  from  10-100  ms.  The  Image  appearing  at 
the  liquid  crystal  surface  represents  the  weights  which  must  be  applied  across  the  second  distributed 
tapped  delay  line  shown  at  plane  C  In  Figure  16.  At  this  delay  line,  the  interference  signal  entering 
from  the  auxiliary  channel  Is  delayed  and  multiplied  by  the  weight  pattern  which  has  been  Imaged  on  a 
second  laser  beam  reflected  off  the  surface  of  the  spatial  light  modulator.  Sumnlng  of  the  weighted 
delayed  Interference  signals  is  accomplished  through  the  lens,  L4.  This  optical  sum  Is  then  detected  and 
subtracted  from  the  Input  of  the  main  channel.  This  completes  the  canceller  loop. 

One  can  write  the  following  relation  between  the  detector  output  and  the  light  modulating  input  for 
the  entire  optical  chain  as  follows: 


PT0  !S0  !ao!2 


(X)  (X  -  l-  )  PT(t  -  X) 
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where  a,  B,  and  q  are  gain  parameters  of  the  laser  modulator,  integrator,  and  output  detector, 
respectively;  P,g  Is  the  input  laser  power;  ISQ  is  the  space  correlator  laser  intensity;  AT,  A,,  are  the 
aperture  areas  lAuplanes  A  and  C  of  figure  3;  ana  px(x)  is  the  spatial  weighting  function  in  ^lane  C. 

The  entire  operation  of  the  optical  architecture  is  displayed  in  this  equation.  The  inner  integral 
represents  a  coherent  cross-correlation  between  the  input  r  and  the  reference  signal  a  with  time  offset 
x/v  .  This  represents  the  weight  function  as  a  function  or*  x,  which  corresponds  tom  multi -path  time 
offset.  This  weight  function,  in  turn,  is  multiplied  into  the  reference  signal  a  (t  -  x/v  )  In  the  manner 
of  a  transversal  filter.  This  represents  a  sunmation  of  all  interference  inputs  over  all  possible 
multi-path  offset  times. 

From  the  generic  diagram  in  Figure  15,  or  the  more  specific  optical  diagram  in  Figure  16,  it  can  be 
recalled  that  the  residue  signal,  r(t),  is  formed  by  the  subtraction  of  the  predicted  signal,  m  (t),  form 
the  input  main  channel  signal,  m(t).  8y  this  subtraction  the  loop  is  closed.  Thus, 


m(t)  *  rft)  ♦  mft )  (2) 

By  combining  this  relation  with  equation  (1),  the  integral  equation  Is  generated  which  describes 
precisely  the  dynamics  of  the  closed  loop.  The  equation  is  general  enough  to  Include  the  case  of 
uncorrelated  noise  in  a(t)  or  m(t).  Uncorrelated  noise  means  that  the  noise  component  in  either  m(t)  or 
a(t)  does  not  correlate  with  the  signal  components  in  these  two  channels  and  also  does  not  correlate  with 
the  noise  component  in  the  other  channel.  With  a  given  m(t),  the  Integral  equation  (2)  provides  a  general 
solution  for  r(t).  This  equation  Is  not  solvable  in  analytic  form  for  any  but  the  simplest  forms  of  m{t) 
and  a (t )  - 

Experimental  System: 

In  our  present  experimental  system,  a  Galium  Aluminum  Arsenide  (GaAlAs)  semiconductor  diode  laser 
provides  the  illumination  for  the  time  integrating  correlator.  Such  diode  lasers  can  be  amplitude 
modulated  to  bandwidths  in  the  1  GHz  region.  Typically,  the  output  radiation  of  such  lasers  Is  at  the 
optical  wavelength  of  830  nano-meters  (nm). 

In  the  original  design,  which  was  reported  earlier  [23],  an  optically  non-coherent  mode  was  planned 
for  the  space  integrating  correlator,  using  a  blrefringent  effect  of  the  second  delay  line  and  using  cross 
polarizers  around  this  delay  line  to  achieve  the  desired  amplitude  modulation.  Results  with  the 
non-coherent  correlator  were  disappointing,  and  It  is  believed  that  the  prinary  reason  for  this  is  the 
poor  efficiency  of  delay  line  modulation  of  non-coherent  light. 

The  solution  to  the  difficulties  associated  with  the  non-coherent  light  losses  is  to  convert  the 
space  Integrating  correlator  to  the  optically  coherent  mode.  In  the  coherent  mode  the  delay  line,  which 
can  now  be  of  Bragg  mode  thickness,  acts  as  a  volume  hologram  with  much  superior  efficiency.  Essentially 
all  of  the  coherent  Illuminating  laser  light  can  be  delivered  to  the  output  detector  with  a  loss  incurred 
by  the  modulating  factor  only. 


Coherent  operation  requires  an  image  detector-integrator,  i.e.  the  output  device  of  the  time 

integrating  first  correlator,  which  also  serves  as  a  coherent  spatial  laser  light  modulator.  The  combined 
function  of  square-law  detection,  optical  integration,  and  coherent  spatial  output  modulation  can  be 
provided  by  a  single  device  or  a  combination  of  devices.  The  device  which  provides  all  the  needed 
functions  Is  the  liquid  crystal  light  valve  (LCLV),  manufactured  by  Hughes  Aircraft  [24].  This  device  was 
selected  both  for  its  integration  time,  which  is  approximately  30  ms,  and  its  ability  to  modulate  coherent 
light,  which  is  then  used  as  input  to  the  space  integrating  correlator.  This  device  detects  an  Input 
image  as  an  intensity  pattern.  It  transfers  the  image  electronically  to  a  liquid  crystal  layer  which 
modulates  a  uniformly  collimated  laser  beam  which  is  brought  into  the  rear,  or  liquid  crystal  layer.  The 
modulation  achieved  is  proportional  to  a  time  integrated  history  of  the  input  intensity  pattern.  The 
input  and  output  planes  are  optically  isolated  from  each  other  by  a  light  blocking  layer,  so  that  the  only 
coupling  between  the  planes  is  the  electrical  one  referred  to  previously. 

One  major  problem  encountered  with  the  introduction  of  the  LCLV  in  the  time  integrating  correlator  Is 
an  optical  wavelength  incompatibility.  Figure  18  shows  the  spectral  response  of  the  LCLV  CdS 

photoconducti ve  input  film.  [25],  As  seen  in  this  graph,  the  response  peaks  at  an  optical  wavelength  of 
about  530  nm,  and  has  virtually  no  response  beyond  600  nm.  For  this  reason,  an  image  converter  which  was 
part  of  the  original  design  was  left  In  the  new  system  with  the  LCLV.  The  image  converter  being  used  has 
an  S-25  "extended  red"  photoemitter  which  has  appreciable  response  at  830  nm. 

The  time  Integrating  correlator  now  operates  at  830  nm  (GaATAs  laser).  The  output  correlator  irrage 

Is  received  by  the  image  converter,  which  converts  the  light  carrying  the  pattern  to  a  wavelength  of 

530  nm,  obtained  from  a  P20  phosphor  radiator  (non-coherent  broad-band).  This  Intensity  -image,  in  turn, 
is  imaged  to  the  input  plane  of  the  LCLV  which  is  almost  perfectly  matched  to  the  530  nm  radiation.  The 
beam  which  illuminates  the  LCLV  is  taken  from  a  HeNe  laser  at  a  wavelength  of  633  nm.  Thus  the  entire 
space  integrating  correlator  operates  coherently  at  633  nm. 

A  new  phase  is  planned  in  which  the  system  will  operate  at  515  nm  throughout,  this  wavelength  being 
obtained  from  an  argon  ion  laser.  The  argon  beam  will  be  used  to  illuminate  both  correlators.  The  time 
modulation  which  is  currently  performed  by  electrical  current  modulation  of  the  GaAlAs  laser  diode  will  be 
performed  by  an  A0  modulator  external  to  the  laser.  This  arrangement  will  produce  a  time  Integrating 
correlator  output  which  is  directly  compatible  with  the  LCLV,  eliminating  the  necessity  of  using  an  image 
converter.  The  cancellation  ratio  and  S/N  is  expected  to  be  quite  superior. 

The  promi  .e  of  an  LCLV  using  a  silicon  receptor,  with  a  response  well  beyond  830  nm,  offers  the 
possibility  of  returning  to  the  semiconductor  laser,  but  now  this  wavelength  of  830  nm  could  be  used 
throughout  the  system.  The  advantages  of  a  laser  diode  with  its  small  size,  and  convenient  modulation 
mode,  as  compared  to  a  gas  laser/external  modulator  is  obvious. 

Experimental  results  prove  the  concepts  described.  Figure  19  shows  the  spatial  pattern  developed  on 
the  detector-integrator  when  a  CW  carrier  waveform  is  applied  to  both  the  time  modulator  (laser  source) 
and  the  first  delay  line.  This  is  a  spatial  presentation  of  the  auto-correlation  function  of  the  sine 
wave  carrier,  which  is  itself  a  sine  wave.  The  spatial  frequency  observed  correctly  corresponds  to  the 
carrier  temporal  frequency,  which  was  37  MHz,  scaled  by  the  delay  line  acoustic  propagation  speed. 
Figure  20  displays  the  auto-correlation  of  a  pulse  modulated  carrier.  The  envelope  of  the  spatial  carrier 
is  a  triangular  function,  for  which  the  width  is  twice  the  pulse  length  of  0.25  u  sec.  When  the 
electronic  detector  output  is  amplified  and  fed  back  to  the  subtractor,  the  system  becomes  a  closed  loop 
adaptive  processor. 

The  final  experimental  result  to  be  shown  is  a  demonstration  of  such  closed  loop  cancellation.  Here 
a  single  CW  carrier  is  applied  to  both  delay  lines,  and  the  laser  main  channel  signal  simultaneously.  In 
Figure  21a,  the  electronic  output  signal  is  displayed,  with  the  feedback  removed.  In  Figure  21b,  the  same 
signal  is  observed  with  the  feedback  connected.  The  anplitude  cancellation  ratio  observed  here  is  16:1, 
or  24  dB.  A  number  of  flaws  in  the  optical  system  have  been  discovered,  and  with  correction  of  these, 
improvement  in  the  cancellation  ratio  has  been  steady. 

CONCLUSIONS 

The  soft -constraint  least -squares  algorithm  and  systolic  array  for  QR  factorization  by  Givens  Method 
has  been  presented.  The  algorithm  is  taylored  to  the  needs  of  a  particular  application  through  the  choice 
of  input  data  and  constraints. 

Simulations  have  demonstrated  the  use  of  soft  constraints.  At  first,  the  simulations  were  chosen  to 
inclement  the  conventional  minimum  variance  distortionless  response  (MVDR)  a’gorithmr  When  the  algorithm 
proved  to  give  less  than  optimal  performance,  a  different  choice  of  constraints  [4]  was  used  to  inclement 
a  Modified  MVDR  algorithm  that  gave  improved  performance. 

An  optical  implementation  of  the  time  domain  adaptive  processor  as  perceived  by  Dickey  [19]  has  also 
been  the  subject  of  this  paper.  In  this  configuration  the  required  operations  of  multiplication  and  time 
delay  are  provided  by  A0  delay  lines.  The  required  time  integration  is  ca*ried  out  by  an  Image  detector 
having  a  suitable  time  constant.  In  the  optical  realization,  each  resolvable  optical  element  along  the  A0 
delay  lines,  used  as  Input  modulators,  represents  an  additional  delay  time  degree  of  freedom.  Thus,  a 
continuum  of  correlation  weights  is  developed  spatially  along  the  A0  delay  line  which  is  analagous  to  an 
infinite  number  of  time  delay  taps.  The  optical  dimension  transverse  to  the  direction  of  acoustic 
propagation  can  be  used  to  provide  for  other  array  elements. 

The  electro-optical  architecture  which  has  been  described  offers  an  efficient ,  compact,  and 
eventually  economical  realization  of  a  multiple  correlation  loop  adaptive  canceller.  Further  effort  will 
result  in  a  reliable  design  which  should  provide  a  high  cancellation  ratio  for  a  large  number  of 
Independent  interference  sources  in  a  distributed  multi -path  environment. 


is -'I 


REFERENCES 

[1]  S.  P.  Applebaum,  "Adaptive  Arrays",  IEEE  Trans.  AP,  vol .  AP-24,  no.  5,  pp.  585-598,  Sept.  1976 
(Originally  published  as  Syracuse  University  Technical  Report  SURC  TR  66-001,  Aug.  1966). 

[2]  L.  E.  Brennan  and  I.  S.  Reed,  "Theory  of  Adaptive  Radar",  IEEE  Trans.  AES,  vol.  AES-9,  no.  2, 
pp.  237-252,  March  1973 

[3]  R.J.  Masak,  A.M.  Kowalski,  R.J.  Lackey,  R.J.  Saggio,  "An  Adaptive  Time  Delay  Module”,  Hazeltine 
Corp.,  Feb.  1980,  RADC-TR-79-322. 

[4]  B.P.  Medoff,  et  al,  ESL  Inc.,  Sunnyvale,  CA,  "High  Speed  Adaptive  Signal  Processing",  ESL-ER458, 
RADC-TR -85-53,  Final  Rechnical  Report,  March  1985. 

[5]  6.H.  Golub,  C.F.  Van  Loan,  "Matrix  Computations",  Baltimore,  Maryland:  The  Johns  Hopkins  University 
Press,  1983. 

[6]  l.  Elden,  "Algorithms  for  the  Regularization  of  Ill-Conditioned  Least  Squares  Problems'*.  BIT, 
vol.  17,  pp.  134-145,  1977. 

[7]  J.H.  Wilkinson,  "The  Algebraic  Eigenvalue  Problem",  Oxford:  Clarendon  Press,  1965. 

[8]  W.M.  Gentleman,  H.T.  Kung,  "Matrix  Triangularization  by  Systolic  Arrays",  Proc.  SPIE,  vol.  298: 
Rec'l-Time  Signal  Processing  IV,  T.F.  Tao,  Ed.,  Bellingham,  Washington:  SPIE,  1981,  pp.  19-26. 

[9]  S.  Hammarling,  "A  Note  on  Modifications  to  the  Givens  Plane  Rotation",  J  Inst  Math  Appl,  vol  13, 
pp  215-218. 

[10]  A.  Bjorck,  "Solving  Linear  Least -Squares  Problems  by  Gram-Schmidt  Orthogonal  izati  on",  BIT,  vol.  7, 
1967,  pp.  1-21. 

[11]  H.T.  Kung,  C.E.  Leiserson,  "Algorithms  for  VLSI  Processor  Arrays",  in  Introduction  to  VLSI  Systems, 
L.A.  Conway,  Ed.,  Reading,  MA:  Add is  on -Wes  ley ,  1980. 

[12]  R.  Schreiber,  P.J.  Kuekes,  "Systolic  Linear  Algebra  Machines  in  Digital  Signal  Processing",  in  VLSI 
and  Modern  Signal  Processing,  H.  Whitebouse,  Ed.,  Prentice  Hall,  198<+  (presented  at  the  USC 
Conference  on  VLSI  and  Signal  Processing,  Nov.  1982. 

[13]  P.  W.  Howells,  "Intermediate  Frequency  Side-Lobe  Canceller",  Patent  3202990,  Aug.  24,  1956  (filed 

May  4,  1959). 

[14]  P.  W.  Howells,  "Explorations  in  Fixed  and  Adaptive  Resolution  at  GE  and  SURC",  IEEE  Trans.  AP, 
Vol.  AP-24,  No.  5,  Sept.  1976,  pp.  575-584. 

[15]  S.  P.  Annlebaum,  "Adaptive  Arrays",  Syracuse  University  Research  Corp.  Rep.  SPL-709,  June  1964, 
reprinted  in  IEEE  Trans,  on  Antennas  and  Propagation,  Vol.  AP-24,  pp.  573-598,  Sept.  1976. 

[16]  B.  Widrow,  et.  al.,  "Adaptive  Antenna  Systems",  Proc.  IEEE,  Vol.  55,  pp.  2143-2159,  Dec.  1967. 

[17]  R.  A.  Monzingo,  T.  W.  Miller,  Introduction  to  Adaptive  Arrays,  John  Wiley  a  Sons,  New  York,  1980. 

[18]  B. Widrow,  et.  al.,  "Adaptive  Noise  Cancelling:  Principles  and  Applications",  Proc.  IEEE,  Vol.  63, 
pp.  1692-1716,  Dec.  1975. 

[19]  F.  R.  Dickey,  Jr.,  "Photo-electric  Acoustic  Adaptive  Signal  Processor",  General  Electric  Co.,  Heavy 
Military  Equipment  Dept.,  Syracuse,  NY,  Report  No.  R75EMH9,  March  1975. 

[20]  J.  F.  Rhodes,  D.  E.  Brown,  "Adaptive  Filtering  with  Correlation  Cancellation  Loops",  Proceedings  of 
SPIE,  Vol  341,  paper  no.  18,  Real  Time  Signal  Processing,  Joel  Trimble,  Chairman/Editor,  May  4-7, 
1982,  Arlington,  VA. 

[21]  W.  A.  Penn,  et  al ,  "Acousto-Optic  Adaptive  Processing  (AOAP)",  General  Electric  Co.,  Rome  Air 
Development  Center,  RADC-TR-83-156,  Dec  1983,  AF  Contract  F30602-81-C--264. 

[22]  W.  A.  Penn,  "A  Coherent  Optical  System  for  Adaptive  Cancelling',  PhD  Dissertation,  Syracuse 
University,  Syracuse,  New  York,  1984. 

[23]  W.  A.  Penn,  "Acousto-Optic  Adaptive  Signal  Canceller",  Laser  Institute  of  Amer.,  ICALEO  Conf.  Proc., 

Boston,  MA,  Sept.  20-23,  1982,  Vol.  34,  Lasers  and  Electro-Optics,  pp.  9  -  17. 

[24]  W.  P.  Bleha,  et.  al.,  "Application  of  the  Liquid  Crystal  Light  Valve  to  Real  Time  Optical  Data 

Processing",  Optical  Engineering  Vol.  17,  No.  4,  July  August  1978,  pp.  371  -384. 

[25]  Data  obtained  from  Hughes  Aircraft. 


ACKNOWLEDGEMENTS 

The  research  was  supported  by  Rome  Air  Development  Center  and  Defense  Advanced  Research  Projects 
Agency  under  projects  4600,  4506,  4519  and  QARPA  Order  4842.  The  work  was  performed  at  ESL  and  at  the 
General  Electric  Ccrcpary. 


M/KJ 
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ABSTRACT 


A  mult i-dimonsional  access  memory  (MDAM)  allows  a  word  to  be  accessed  from  store 
either  in  the  manner  it  was  entered  or  as  part  of  a  bit  slice  of  equally  spaced  or 
contiguous  words.  Conceptually,  data  may  be  regarded  as  being  stored  in  an  'n' 
dimensional  hypercube  of  side  Length  equal  t.o  the  word  length  that  usefully  maps  onto  a 
wide  range  of  signal  processing  operations,  (e.g.  FFTs ,  matrix  inversion,  multiple 
moments,  distance  metrics,  sorts,  searches  and  correlation  decodes),  when  associated 
processing  units  that  can  carry  out  both  bit  parallel  and  bit  serial  arithmetic  are  used. 
Th**  mapping  of  t no  natural  multi-dimensionality  of  a  signal  processing  task  onto  the  MDAM 
structure  is  shown  to  bo  particularly  useful  when  bit  serial,  word  parallel  processors 
are  employed.  Jn  these  ci rcumst ances  the  facilities  of  the  MDAM  make  possible  a  range  of 
useful  oporar ions  that  could  only  be  implemented  with  great  inefficiency  using 
convent i ona 1  memor ios . 

Furthermore,  the  MDAM  eonsiderabl y  simplifies  address  generation  for  the  1/0  of  real 
and  complex  words  (e.g.  the  corner  turn  of  incoming  samples)  while  allowing  useful 
permutations,  such  as  barrel  shifts,  to  be  applied  on  each  memory  access  for  a 
insignificant  cost  in  extra  circuitry. 

Highly  efficient  and  deeply  pipelined,  implementations  of  MDAM/processor  structures 
are  discussed  that  are  purticulary  well  suited  to  VLST  methodologies,  in  that  very  wide 
bandwidth  interconnection  networks  of  high  complexity  can  be  achieved  at  relatively  low 
gate  and  pin  counts,  (at  both  supor/sub-mi cron  levels).  Thus  it  is  possible  to  form 
highly  parallel  mul t i -MDAM/processor  structures  that  support  very  high  le\  ?ls  of 
concurrency,  identified  as  necessary  for  future  radar  signal  processing  systems. 
Moreover  these  structures  translate  over  classes  of  operations  that  are  not  normally 
associated  with  each  other  (e.g.  h i stogramming  and  FFTs).  Consequent ly ,  these  forms  can 
be  made  extremely  general  and  modular  to  produce  powerful  and  compact  processing  kernels 
for  programmable  systems  that  embody  high  level  signal  processing  constructs  in  their 
VLSI  fabric  and  lead  to  high  performance  at  the  minimum  silicon  cost. 
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ABSTRACT 

An  improved  adaptation  algorithm  designed  for  real  time  signal  processing  in  antenna  arrays  is  presented. 
The  method  is  used  for  determining  the  filter  weights  in  a  sidelobe  cancellation  systeii.  The  Wiener 
filter  equation  is  solved  by  using  the  well  known  Gauss  -  Seidel  method  and  a  sample  matrix  estimate. 

This  algorithm  (SSM  -  Single  Step  Method)  combines  rapid  convergence  and  numerical  stability.  Compared 
with  the  direct  SMI-technique  and  the  Widrow  LMS-al  gorithm ,  the  properties  of  the  proposed  algorithm 
lead  us  to  the  conclusion  that  it  is  especially  well  suited  for  airborne  antenna  array  appl  k at  ions . 

INTRODUCTION 

Due  to  progress  in  digital  technology  it  appears  feasible  now  to  process  digitally  real  -  time  data  of 
adaptive  antenna  arrays  in  airborne  radar  applications.  The  popular  gradient  technique  proposed  by 
Widrow,  Griffiths  e.a.  (Applebaun  Loops,  Widrow  -  Hoff  Algorithm)  is  not  the  appropriate  algorithm  for 
solving  the  optimal  filter  equation  by  adaptive  arrays  in  the  following  cases: 

•  a  rapid  change  of  the  interference  environment 

due  to  antenna  scanning  or  blinking  of  noise  sources 

•  different  jammer  directions  with  different  power 
The  reasons  for  slow  convergence  are  given  by  the  facts  that 

•  iteration  methods  are  only  approximations  of  the 
optimal  solutions 

•  the  "Widrow-Al  gorithm"  does  not  lead  to  a  consistent 
estimator  (Ungerboeck  1972  /I  / ) 

Looking  for  other  methods,  it  can  be  shown,  that  the  SMl-method  /2 /  has  excellent  convergence  properties, 
but  may  lead  to  severe  numerical  problems. 

Here  an  algorithm  is  considered  which  -  based  on  the  Gauss- Seidel  method  -  employs  a  sample  covariance 
matrix  estimate.  An  application  of  a  modified  Gauss-Seidel  method  on  clutter  processes  has  already  been 
described  /3 / .  This  paper  quantifies  the  performance  of  the  proposed  algorithm  in  terns  of  convergence 
rate  and  statistical  properties.  It  will  be  shown  that  in  contrast  to  the  LMS-algoritfin  the  propose! 
algorithm  is  a  consistent  estimation  of  the  optimal  filter.  The  paper  presents  a  comparison  of  th:  LMS-, 
SMI-  and  the  SSM-method  by  computer  simulation.  It  turns  out  that  in  spite  of  less  mathematical  ope¬ 
rations  (multiplications  and  additions)  the  SSM-al  gori  thm  performs  nearly  as  well  -  in  terms  of  con¬ 
vergence  rate  -  as  the  SMI  method. 

DESCRIPTION  OF  THE  METH00 

There  are  several  mathematical  methods  leading  to  the  solution  of  the  well  known  classical  optimization 
problem  of  Gauss-Markov ,  which  finds  an  application  for  example  in  the  sidelobe  canceller  as  a  spatial 
filter  (fig.  1).  The  received  array  signals  establish  a  data  vector  X* ,  which  has  to  be  weighted  by  a  set 
of  coefficients  W,  in  order  to  build  the  best  approx imation  of  the  interfering  processes  x0  in  the  radar 
antenna.  Assuming  that  the  target  signals  are  not  processed  in  the  array  we  know  that  the  minimization 
task 

£  2  *  E  (/x0  -  W*  X  |  2)k  mi"  (1  ) 

V/ 

is  solved  if 

E  (x0*  -  XX_*  W)  :  =  R  -  M  W  =  U  [2) 

(by  the  projection  theorem  In  Hilbert  spaces) 

There  are  in  general  two  ways  of  solving  (2): 

•  direct  methods 

•  iteration  methods 

The  direct  methods  lead  for  example  to  the  SMI-technique,  to  the  Kalman  filter  (in  form  of  a  sequential 
estimator),  to  the  Gram-Schmidt  or  Lattice  filter,  or  to  a  combination  of  the  Householder  and  Cholesky- 
al gorithm  /4,5/. 


♦Matrices  are  designated  by  double-underlined,  vectors  by 
singl  e-underl  ined  letters 


The  iteration  methods  lead  to  the  gradient,  to  the  conjugate  gradient  or  to  the  Single  Step  methods. 

In  general  the  SSM-techni que  is  a  gradient  technique  using  all  calculated  coefficients 

W>  •  +rfR(i)  -  M(i.i)  wm+1(i) 

A  (3) 

-  Z,  M(l,i)W„,(i) 

«r'»  1 

Since  the  covariance  matrix  M  and  the  correlation  vector  are  unknown,  we  estimate  them  by  the  observed 
data  . 

M,„  -  (1/m)  Z  Xj  *  X,* 

(4) 

Rjn  =  (1/m)  x0  i  *  Xj 

£»  •# 

In  the  context  of  this,  we  obtain  a  stochastic  approximation  method,  called  the  SSM-A1 gori thm , 

W>  ■  «m<>>  *  *'{  M1)  -  £  W,wl(i) 

«  1  li> 

■  Z  Hn(>  .0  Hn(  l)-f 

*>7 

Next  we  show  the  consistence  property  of  this  estimate  of  the  optimal  filter. 

CONVERGENCE  PROPERTIES 

First  we  devide  the  covariance  matrix  M  in  two  matrices  M0,  M°. 

I*M(  1,1 )  M(  1 ,? )  .  .  .  M ( 1 ,  n  jl 


I  M(  n ,  1 )  M(n  ,2 )  .  .  .  M(n,n) 


0  0  ...  0 
M{2,1  )  0 


l  M( n ,  1 )  ...  M(n,n-1)0 


ff(l.l) 

M(  1  ,n )" 

0  M(2,2) 

+ 

[u  0  .  .  . 

0  M(n  j 

:  =  Mb  +  MO 

Using  (2)  this  leads  stra ightforward  to: 

W  =  (I  ♦  JTMU)  -1  (|  -  J-HO)  W  t  (I  +  )*>  R  r 

Equation  (S)  may  now  be  written; 

J4..1  •  (I  ‘W1  (i  -  rNm°)  ^ 

*■  (i  T^r1  r ,r 

With  reference  to  (7)  and  (8),  we  obtain 

UnM  -  H  •  <i  ♦!>'„,“  >*'  (jL  -t  Mm°)  (w,n  -  W) 

) _1  (J  -s%°)  -  (i 
■  U  -  Iff)}  H 

*  r(l_  *f (R^  -  R) 

*  r{(i  * rMf)-1  -  (i  *t Mu)-g  r 


1  ub  =  Toast  upper  bound 


(«) 


Now  we  get  the  following  inequality  by  using  the  triangle  inequality  and  the  definition  of  Tub  /6 /: 
(u  =  sup  l  tub  [  (i  *n\IIur1  (i 
12  =  sup  [  1  ub  {(l  +  f  ^r1]}  ) 

IliWl  -  “  *  2  -  LI  'll  -W«  2  +  lr>  L2  -{HRn  -  R  «  2 

+  lub  {( I  +rMu)-1//E(lub2  fHmu  -  Hu}f/2  llkll;,  I//}  (10) 

♦  h  ftub2/'  (i_  *  ^“r1  -  (L  -  *JV,°)  -  (i  *  ?Mur'  • 

(1  1/2  //  W(2 


It  is  known  that  the  estimators  (4)  (methods  of  moments)  have  the  following  order  of  convergence 


If Hm  -  !L*2  *  0(l/rS) 

_  (ll) 

(  Mjt,  -  M  |(  2  =  0(l//m) 

Choosing  an  appropriate  T  ,  it  is  now  possible  to  show 

*Mm+1  ■  C/f^  *  L  1  •  //  On  -  W  H2  (12) 

Analogous  to  the  proof  of  convergence  of  the  SMG-al  gon  thm  /7 /  it  follows  for 


l  1  <  1 


I  Wm+1  -  w  *  2  •  0(lO9(m)/rU) 

Using  the  Tschebyscheff  inequality,  we  obtain  the  assertion. 
Remark:  (1)  By  a  simple  proof  it  is  possible  to  show,  that 

^1  ,m  =  1  l  ) 


(2) 

0) 


is  a  convergent  choice,  (compare  /8/,  p.  225) 

f\  m  is  dependent  of  1  and  m.  In  this  case  f  has  to  be 

replaced  by  a  diagonal -matrix  Dn,  throughout  the  proof. 

Using  (14)  in  (5)  we  get  the  well  know  Gauss-Seidel  method. 
In  the  m'th  estimate  of  W,  we  choose  Ffo,  Rj„  for  H,  R. 


(13) 


(14) 


COMPARISON  OF  THE  ALGORITHMS 


A  computer  simulation  of  the  SSM  algorithm  in  a  radar  application  shows  the  superiority  of  the  processing 
scheme  with  respect  to  the  convergence  rate  compared  to  the  Uidrow  algorithm.  A  stationary  case  has  been 
considered  (fig.  2).  For  the  SSM  method  we  choose  y  as  in  (14).  The  SMI  method  is  simulated  as  a  sequen¬ 
tial  filter,  "he  Widrow  LMS  algorithm  has  a  step  size  of  (1/10. ..1/20  *  1/^max*)  in  order  to  avoid  in¬ 
tolerable  fluctuation  noise.  Non-stationarity  of  the  interference  environment  has  been  taken  into  account 
by  a  moving  average  (moving  window)  or  Wiener  extrapolation,  (see  for  example  ((4f)) 

In  order  to  compare  the  numerical  load  of  the  various  algorithms,  we  look  to  the  r.unber  of  complex  multi¬ 
plications  per  iteration 


Algori  t  fm 

Nimber  of  complex  multipl  ications 

SMI  (direct  inversion) 

( n3  ♦  5n2  ♦  n)/2 

SMI  (sequential  filter) 

2n^  ♦  4n  +  1 

SSM-al  gorithm 

(3n?  *  5n)/2 

IMS-A1  gori  thm 


2n  +  1 


2»>-4 


CONCLUSIONS 


There  are  various  mathemat ical  methods  to  solve  tne  Wiener  filter  equation,  among  them  the  discussed  SSM 
algorithm.  The  SSM  method  has  some  advantages  in  terms  of  convergence  rate  and  numerical  load.  It  has 
been  shown  that  the  modified  Gauss-Seidel  method  is  a  consistent  estimator  of  the  optimal  filter,  we 
then  have  proved  that  the  filter  coefficients  converge  by  an  order  better  than  0  (log  ( m) / . 

Compared  to  the  Widrow  algorithm  the  convergence  rate  of  the  SSM  algorithm  is  improved  and  may  be  com¬ 
parable  to  the  convergence  rate  of  the  direct  met  nods.  This  result  is  achieved  at  the  expense  of  a  mo¬ 
dest  increase  in  complexity.  One  of  the  advantages  of  the  SSM  method  is  its  numerical  stability  espe¬ 
cially  in  the  case  of  large  antenna  arrays. 
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Figure  1:  Structure  of  the  Spatial  Filter 
(Sidelobe  Canceller) 


Figure  2: 
Conditions  : 


Number  of  Iterations 


Partially  adaptive  array 
with  3  degrees  of  freedom 
2  Interference  Directions  (20*. 45' ) 

Receiver  Noise: -40 dB  related  to  Interference  Power 
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DISCUSSION 


J.Dorey 

You  have  to  make  the  whole  calculation  for  each  look  direction? 

Author's  Reply 

We  considered  only  stationary  targets.  For  non-slationary  targets  you  can  use  the  Wiener-extrapolation  or  by  moving 
average. 
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I  RESUME 

i  En  emission  b  haute  frequence  de  recurrence,  done 

'  b  faible  facteur  de  forme,  les  eclipses  et  l'd- 

chanti l lennage  conduisent  b  des  pertes  importantes 
sur  le  signal.  L'cbjet  de  cette  communication  est 
de  presenter  des  mdthodes  d' evaluation  de  ces 
pertes,  b  partir  de  courbes  de  probabilite  de  de¬ 
tection  en  fonction  de  la  distance  et  d'utiliser 
ces  methodes  pour  rechercher,  sous  certaines  con- 
traintes  de  puissance  emise  et  de  charges  de  cal- 
cul,  1' optimum  b  adopter  pour  le  facteur  de  forme. 


1  -  INTRODUCTION 

La  forme  d'onde  HFR  (haute  frequence  de  repetition) ,  du  fait  du  faible  facteur  de  forme 
(2  b  20)  conduit  a  des  pertes  d ' inf ormat ion  importantes  en  raison  des  eclipses.  De  plus, 
la  discretisation  du  signal  (defiant  i  1  lonnage)  conduit,  elle  aussi,  b  des  pertes  suppld- 
mentaires.  On  presentera  ici  differentes  methodes  pour  evaluer  la  probabilite  de  detection 
en  tenant  compte  du  facteur  de  forme  et  du  nombre  d ’ echant i 1  Ions  pris  dans  la  recurrence. 
Ces  methodes  permettent  de  determiner  1* optimum  sur  lo  facteur  de  forme  en  tenant  compte 
des  contraintes  de  puissance  d'emission  (moyenne  ou  cretc)  et  des  charges  de  calcul  li6es 
au  nombre  d ' echant i 1 Ions  utilises  dans  la  recurrence . 

2  -  PRESENTATION  DES  MODES  HFR 

2.1.  pef inition  (figure  1) 

TE  :  duree  d' impulsion  emise 
Tr  :  periode  de  repetition 

FR  :  frequence  de  repetition  = 

T  :  pdriode  d ' echant i 1 lonnage 
Tb  :  temps  d ' occultat ion 

Celui-ci  est  le  temps  de  commutation  du  rdeepteur  avant  et  aprds  emission.  Le  temps  d'oe- 
cultation  total  sur  une  recurrence  est  2  x  To  -  400  ns. 

On  considerera  ici  deux  frequences  de  recurrence  FR  =  100  KHz  et  FR  200  KHz. 

Le  facteur  de  forme  est  F  -  ^ . 

2.2.  Filtrage  de  l1 impulsion  rogue 

On  considdre  un  filtre  adaptd  d  une  durde  AT,  c '  est  -d-d  i  re  dont  la  fonction  do  transf-  i' 
est  la  conjugude  de  la  transformde  de  Fourier  d 1  une  impulsion  recVangulai  re  do  durde  ‘.T. 

La  rdponse  d ' un  tel  filtre  £  des  impulsions  rectangu 1  a  i  res  do  durde  TF  et  d* amplitude  1 
est  prdsentde  sur  la  figure  2. 

Par  la  suite,  on  considdrera  un  filtre  constamment  adaptd  b  la  pd. iode  d ’dchant i 1 lonnage 
T,  le  filtre  dtant  rdadaptd  art i f ic iel lement  b  la  durde  d'emission  Tfc*,  uprds  dchant  i  1  1  •  'li¬ 
nage  du  signal  regu  filtrd,  par  recombinaison  en  sommes  glissant.es  de  N  dchantillons  suc- 
cessifs,  do  fagon  d  avoir  TE  5  N.T  (figure  3). 

2.3.  Pu i ssance  de  bruit 

Si  b  est  la  densitd  spectrale  de  bruit,  ia  puissance  de  bruit  pour  un  dchant i lion  elemen¬ 
tal  re  (avant  recombinaison)  est  Pr  -  b.AT  =  b.T.  Le  filtre  dtant  optimal  et  adaptd  a  T, 
les  bruits  sont  ddcorreids  d'un  dchantillon  dldmentaire  b  I'autre,  done  dans  lo  cas  d’une 
sommation  de  N  dchantillons  successifs,  la  puissance  de  bruit  est  Pr  -  N.b.T. 


De  plus,  on  suppose  l'entrde  du  filtre  mise  b  la  masse  en  m£mo  temps  quo  le  rdeepteur  est 
fermd  (soit  sur  une  recurrence  pendant  TE  ♦  2  Tr)  .  Le  filtre  ■»' integrant  alors  plus  do 
bruit  pendant  les  eclipses,  la  puissance  de  bruit  pour  les  dchantillons  voisins  des  herds 


21-2 


de  la  recurrence  est  plus  faible. 

2.5.  Puissance  de  signal 

Si  To  est  1 ' instant  d'arrivde  de  1* impulsion  recue  (de  durde  Te)  dans  la  recurrence,  le 
signal  utile  est  fonction  de  To.  En  effet  : 

-  si  To  <  Tb  :  le  signal  est  compldtement  occultd, 

-  si  Tb  <  To  <  Te  ♦  Tp  :  une  partie  seulement  du  signal  est  hors  Eclipse.  Le  signal  utile 
a  done  une  duree  To  ♦  Tg  -  (TE  ♦  Tb)  =  To  -  Tb, 

-  si  Te  ♦  Tb  <  To  <  Tr  -  Tb  "  Te  :  le  signal  est  entidrement  recu.  Le  signal  utile  dure 


TE, 

-  si  Tr  -  TB  -  T£  <  To  <  Tr  -  Tb  :  le  signal  utile  dure  tr  -  Tb  -  To, 

-  si  Tr  -  Tb  <  To  <  Tr  r  le  signal  est  compldtement  occultd. 

La  puissance  de  signal  recue,  dependant  de  la  durde  du  signal  utile,  est  done  fonction  de 
To,  instant  d'arrivde  de  l'dcho  recu  dans  la  recurrence. 


J  "  presentation  DES  RESULTATS 

Les  rdsultats  des  differentes  methodes  ddcrites  ci-dessous  seront  prdsentds  sous  forme  de 
courbe  :  Pd  =  f(D)  avec  Pd  =  probability  de  detection 
D  =  distance  cible. 


On  prend  comme  rdfdrence  le  cas  d'une  cible  telle  que  avec  un  filtrage  adaptd  b  l'emission, 
si  on  dchantillonne  au  maximum  en  sortie  du  filtre  et  si  la  cible  est  en  dehors  des 
eclipses,  on  ait  une  probability  de  detection  de  50  %  pour  D  =  100  km.  On  considdrera  par 
la  suite  des  cibles  stat ionnaires .  Ceci  fixe  don^  le  rapport  signal  a  bruit  SBo  de  rdfd- 
rence  donnant  Pd  =  0,5  et  correspondent  a  100  km. 

Le  rapport  signal  h  bruit  d'une  cible  situde  &  la  distance  D  sc  ddduit  de  SBo  par 

SB  =  SBo  —  . 

D4 

La  figure  4  reprdsente  la  courbe  Pd  =  f (Df  de  rdfdrence  (cible  stationnaire  perpetue) la¬ 
ment  hors  Eclipses  et  hors  pertes  d ' dchanti 1 lonnage) .  On  peut  dire  dgalement  que  cette 
reference  correspond  au  cas  d'un  radar  CW,  b  condition  que  l'antenne  de  reception  soit 
diffdrente  de  celle  d'dmission. 


4  -  METHODS  1 


Cette  mdthode  consiste  b  faire  varier  la  distance  de  la  cible  avec  un  pas  de  quantifica¬ 


tion  petit  devant  l'ambigultd  distance  (AD  =■  avec  c  :  vitesse  de  la  lumiere) .  Ainsi, 

1' instant  d'arrivde  de  l'dcho  varie  lentement  dans  la  recurrence  et  les  phdnomdnes 
d'eclipse  et  d ’ echant i 1 lonnage  sont  visibles. 


On  suppose  pour  cette  mdthode  1 'dchant i 1 lonnage  adaptd  b  l'dmission,  soit  T  =  Tg.  En  fonc¬ 
tion  de  To,  instant  d'arrivde  de  l'dcho  (To  =  — ) ,  on  peut  positionner  l’dcho  dans  la 
recurrence  (figure  5).  Du  fait  que  T  =  Te,  il  n'y  a  au  plus  que  deux  dchantillons  conte- 

5 

nant  du  signal.  Pour  chacun  d'eux,  on  connait  1 ' attenuat ion  b  apporter  au  rapport  - 
(=  SBo  .  Cette  attenuation  tient  compte  de  la  position  de  To  dans  la  rdcurrence 

d4 

(del  ipse)  et  de  1 ' dchant i 1 lonnage  par  rapport  b  la  sortie  du  filtre.  On  peut  done  calculer 
les  probabilites  de  detection  Pd  i  et  Pd2  pour  chacun  des  2  dchos.  Du  fait  que  la  cible  est 
stationnaire  et  que  T  =  Tg,  les  deux  probabi 1 i tds  sont  independantes .  On  peut  done  dire 
Pd  =  1  -  (1  -  Pd  i )  (1  -  Pd  2 )  . 


Si  Pdo  =  f(D)  est  la  courbe  de  rdfdrence  (dchanti 1 lonnage  au  maximum  et  hors  del  ipse),  la 
probability  Pd  varie  done  entre  0  et  Pdo  en  fonction  de  la  distance. 


Pd  -  o  quand  l'dcho  est  en  eclipse  totale 
Pd  <  Pdo  quand  l'dcho  est  en  dclipse  partielle 

Pd  =  Pdo  quand  To  est  tel  que  1 1 echant i 1 lonnage  ait  lieu  au  maximum 
Pd  <  Pdo  si non. 


La  figure  6  prdsente  Pd  =  f (D) ,  D  variant  de  100,5  km  b  101,25km  (Pdo  voisin  0,5)  avec 
comme  hypothdse  : 

Fr  =  200  KHz  (Tr  =  5  us,  AD  *  750  m) 

Te  =  1  US  (F  =  5) 

Tb  =  0,25  us 
T  =  1  us. 

Les  diffdrents  temps  et  instants  d ' dchantil lonnage  y  sont  reprdsentds. 
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La  figure  7  pr^sente  Pd  =  t{D)  dans  les  memes  conditions,  D  variant  de  50  k  150  km.  On  y 
constate  les  fluctuations  importantes  dues  au  fait  que  Pd  varie  entre  0  et  Pdo. 

Cette  mdthode,  representant  la  vraie  probability  de  detection  en  fonction  des  dclipses  et 
de  1 ' echant i 1 lonnage,  est  inexploitable  simplement  du  fait  des  fluctuations  importantes. 

De  plus,  cette  methode  n'est  valable  que  dans  le  cas  d’une  cible  stationnaire  et  d'un  fil- 
trage  et  echant i 1 lonnage  adaptes  k  1  emission,  de  fagon  k  avoir  1 1 inddpendance  des  proba¬ 
bility  de  detection  des  diffdrents  dchantillons  (qui  ne  serait  plus  assuree  en  cas  de 
sommations  glissantes  d* dchantillons  successifs) . 

5  -  METHODE  2 

Pour  une  distance  D  donnde,  le  calcul  de  la  probability  de  ddtection  est  identique  k  celui 
de  la  methode  1  :  Pd  =  1  -  (1  -  Pdi)  (1  -  Pd2) • 

Mais  on  effectue  ici,  pour  chaque  distance  D,  le  calcul  pour  plusieurs  fryquences  de  re¬ 
currence  voisines  de  quelques  pourcent  de  la  frequence  de  recurrence  moyenne  et  on  effec¬ 
tue  la  moyenne  des  Pd  obtenues.  Une  mdthode  yquivalente  consiste  k  n' avoir  qu'une  seule 
Fr  mais  k  faire  varier  aleatoirement  la  distance  sur  une  recurrence  autour  de  la  distance 
D  et  ci  effectuer  une  moyenne  des  Pd  obtenues.  Les  deux  mythodes  donnent  des  rdsultats  dqui- 
va lents . 

Les  fluctuations  importantes  de  la  rndthode  1  sont  ainsi  moyennyes  et  on  obtient  une  courbe 
Pd  =  f(D)  d'autant  plus  lisse  qu’on  a  pris  plus  de  Fr  ou  plus  de  points  dans  la  recurrence. 
La  figure  8  prysente  Pd  =  f<D),  D  variant  de  10  k  150  km  dans  les  memes  conditions  que 
prycydemment ,  calcuiye  avec  une  moyenne  sur  200  points  par  rycurrence  pour  chaque  distance. 

On  constate  que  la  courbe  ne  tend  pas  vers  1  quand  D  tend  vers  0.  En  effet,  en  raison  des 
temps  d ' occultation  TB,  la  probability  maximale  de  dytection  est  la  probability  pour  que 
1' instant  de  rdception  To  soit  supyrieur  k  Tb  et  infyrieur  k  TR  -  Tg,  soit  : 

Pdmax.  =  1  - 

tR 

En  1' occurence  :  TB  =  0,25  us  :  Pdmax.  =  0,9 
Tr  -  5  us 

Cette  mdthode  permet  de  travailler  avec  un  pas  de  quantification  plus  yievd  pour  la  dis¬ 
tance  que  pour  la  mythode  1 .  Elle  permet  surtout  d'obtenir  une  courbe  moyenne  de  probabi¬ 
lity  de  detection  directement  utilisable. 

Les  limitations  de  cette  mdthode  sont  les  memos  que  pour  la  prycddente,  k  savoir  ; 

-  cible  stationnaire, 

-  filtrage  et  ychant i 1 lonnage  adaptys  k  l'ymission. 

6  -  METHODE  3 

Celle-ci  consiste  k  calculer  une  probability  de  dytection  moyenne  sur  une  ambigulte  dis¬ 
tance  AD.  Le  domaine  distance  pour  lequel  on  veut  la  courbe  Pd  =  f (D)  est  dycoupy  en 
ambigultds.  Pour  une  ambiguity  de  rang  K  donny ,  on  fait  varier  la  distance  de  la  cible  de 
K.AD  k  (K  ♦  1 ) . AD  avec  un  pas  suffisamment  fin. 


L'ycho  regu  est  echan t i 1 lonnd  :  on  a  ainsi  des  amplitudes  Ai  de  signal  (0  <  Ai  <  1),  dd- 
pendantes  de  1'  instant  de  ryception  et  de  sa  position  par  rapport  k  1 ' ychant i 1 lonnage . 

Dans  le  cas  ou  Tg  =  N.T,  chaque  ychantillon  avant  sommation  a  done  un  rapport  ||  valant 

SBo  (D  :  distance  centrale  de  1 ' ambiguity ) .  Connaissant  B,  on  a  done  la  puissance 

d4 

Xi*  de  chaque  ychantillon.  On  pout  done  effectuer  les  sommations  glissantes  de  N  dchantil- 

N 

Ions.  Chaque  ychantillon  resultant  a  comme  puissance  de  signal  PS  =  (  Xi) 1  .  L'ychantil- 

i  =  1 


Ion  rdsultant  tient  bien  compte  des  corryiations  des  ychantillons  yidmentaires  dont  il  est 
la  somme. 


De  plus,  on  connait  pour  chaque  ychantillon  rysultant  la  puissance  de  bruit  PR  (PB  <  N.B), 
fonction  de  la  position  de  1 ' ychantillon  dans  la  recurrence. 


Cette  puissance  permet  en  outre  de  dyterminer  le  seuil  de  dytection  connaissant  la  proba¬ 
bility  de  fausse  alarme.  11  est  en  effet  possible  dans  la  pratique  de  mettre  des  seuils 
diffyrents  selon  la  position  de  1' instant  d ' ychant i 1 lonnage  dans  la  rycurrence. 


On  peut  done  gynyrer  un  signal  complexe  Z  de  puissance  Pg  par  rapport  k  PB.  Ce  signal  est 
gdnyrd  avec  deux  gaussiennes  de  moyenne  et  d'yeart  type  fonctions  d ' une  part  de  Pg  et  Pb» 
d'autre  part  de  I'hypothyse  de  cible  stationnaire  ou  fluctuante.  Z1  est  ensuite  compary  au 
seuil  de  dytection.  En  cas  de  non  dytection,  on  passe  <1  1 ' ychant i 1 1  on  suivant  et  on  recom¬ 
mence.  En  cas  de  dytection,  on  peut  passer  k  une  autre  position  de  l'ycho  dans  la  recur¬ 
rence.  1 1  ne  reste  plus  qu ' k  calculer  la  moyenne  des  dytections  obtenues  sur  la  rycurrence, 
donnant  ainsi  Pd  fonction  de  D. 
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La  figure  9  montre  un  exemple  de  courbes  calcul^es  par  cette  methode  et  par  la  m£thode  2 
t;ans  les  m£mes  conditions  que  prdc^demment .  Les  deux  courbes  sont  tout  &  fait  semblables. 

La  figure  10  repr^sente  la  courbe  Pd  =  f(D)  dans  le  cas  :  Fr  =  200  KHz 
1  TE  =  1  us 

T  =  0,5  us. 

On  effectue  dans  ce  cas  des  sommations  2  &  2  d ' echant il Ions .  L'avantage  de  cette  m£thode 
par  rapport  aux  autres  est,  d'une  part,  de  permettre  le  s. r4chanti 1 lonnage  car  elle  ne 
suppose  pas  1 ' inddpendance  d' dchantillons  consdcutifs,  et  l'autre  part,  de  permettre, 
pour  la  meme  raison,  le  calcul  dans  le  cas  d'une  cible  fluctuante. 


7  -  METHODE  4 


Cette  methode  est  purement  analytique.  Elle  consiste  b  ^valuer  les  pertes  que  les  Eclipses 
et  1 ' echantillonnage  apportent  sur  le  rapport  signal  b  bruit. 


Pour  cela,  on  suppose  un  echo  de  rapport  (^) q  donnd  et  on  fait  varier  son  instant  de  recep¬ 
tion  To  de  0  b  Tr.  Pour  chaque  valeur  de  To,  on  calcule  de  la  meme  fagon  que  prdcedemmcnt 

Pc 

le  rapport  pour  chaque  dchantillon  (apres  sommation  eventuelle)  et  on  ne  conserve  quo 
le  maximum.  Puis  on  effectue  la  moyenne,  sur  le  nombre  de  position  de  To,  de  ces  maxima 

ao  If,  Soxt 

Le  rapport  L  -  i  /  (j^) 0  caract^rise  les  pertes  sur  le  rapport  signal  b  bruit  initial, 
dues  aux  eclipses  et  b  1 ' echant i 1 lonnage . 


Pour  obtenir 


la 

s 

B 


courbe  Pd 
S  Ho  Do  4 
L  D4 


pu 


f  (D) 
is  la 


on  calcule  pour  chaque  valeur  de  D 
Pd  associ^e. 


le 


rapport  : 


Cost,  la  courbe  Pd ^  representee  sur  Id  figure  11.  Cette  methode  ne  prend  pas  en  compte  le 

fait  que  Pdmax.  -  1  -  -  ‘ 1 B  - 
1  R 

Ainsi  pour  introduire  cette  influence  des  occupations ,  on  considere  des  pertes  L  calculous 
comme  prcetfdemment  mais  en  supposant  Tjj  =  n  .  on  multiplio  ensuite  la  Pd  obtenue  avec  ces 

pertes  par  1  -  — -  .  Ceci  donne  la  courbe  Pd2  de  la  figure  11.  La  figure  12  compare  la 
courbe  obtenue  avec  cette  methode  avec  celle  obtenue  par  la  mdthode  3  dans  les  conditions 
suivantes  :  Fr  =  200  KHz 
Tfc:  =  1  us 


T  -  0  ,  f>  u  s . 


Les  differences  sont  faibles.  L'intdret  de  cette  methode  est  sa  rapidite.  Une  fois  le 
calcul  des  pertes  effectue  (pour  une  seule  recurrence),  la  courbe  est  immediate.  Cette 
methode  pormet  d'estimer  rapidement  la  distance  donnant  une  Pd  donn^e  (0,1  par  exemple), 
pour  ensuite  effectuer  la  mdthode  3  autour  de  cette  distance  pour  avoir  des  resultats 
exacts . 


b  -  OPTIMISATION  DU  FACTEUR  DC  FORME  A  PUISSANCE  MOYENNE  EMISE  CONSTANTE 

est  le  facteur  de  forme  et  Pc  la  puissance  crete  dmise,  la  puissance  moyenne  dmise 


On  sc  place  ici  h  Pm  constante,  done  Pc  varie  avec  F. 

La  puissance  moyenne  d'une  cible  est  done  inddpendante  de  la  variation  de  F  ainsi  que  la 
courbe  de  reference  Pdo  =  f (D) .  Rappelons  que  celle-ci  correspond  au  cas  d'une  cible  per- 
pdtue  1  lement  hors  dclipse  et  hors  pertes  d  ’ dchant i  1  lonnaqe  et  qi.e  Pdo  77  0r'>  pour  Do  - 
100  km,  ce  qui  fixe  Pm. 

Avec  la  mdthode  4,  pour  estimer  la  distance  Pd  =  0,5  et  la  mdthode  3  pour  affiner  les 
rdsultats  autour  de  cette  distance,  on  va  ealculer  les  variations  de  la  portde  h  Pd  =  0,5 
en  fonction  du  facteur  de  forme,  ceci  en  gardant  une  pdriode  d ' echant i 1 lonnage  constante. 
Quand  F  varie,  TE  varie.  Le  nombre  d ' dchanti 1  Ions  successifs  5  sommer  pour  rdadapter  le 
filtre  varie  done  ^galement. 

La  p^riole  d ' Echant i 1 lonnage  <§tant  constante,  la  charge  de  calcul  pour  les  traitements 
en  aval  reste  done  la  meme  queique  soit  le  facteur  de  forme  (mis  b  part  les  sommations 
d ' Echant i 1 Ions  consdcutifs  qui  reprdsentent  cependant  tr£s  peu  de  calcule). 

Pour  un  dchanti llonnage  donnd  et  une  p£riode  do  recurrence  dcnn£e,  on  calcule  done  pour 
chaque  valeur  de  F  la  distance  D  donnant  Pd  =  0,5  .  Les  rdsultats  sont  exprimes  sous 

forme  de  perte  par  rapport  b  la  reference  Do,  soit  L  -  40  log  (^)  . 


S 1  K 
est  : 


La  figure  1i  reprdsente  cette  perte  L  en 
riodes  d ' echant i 1 lonnage  diffdrentes  :  T 

T 

T 


fonction  de  F  pour  Fr  =  200  KHz  et  pour  des  pe- 
=  250  ns  (courbe  1 ) 

=  500  ns  (courbe  2) 

=  1000  ns  (courbe  3} . 


La  figure  14  reprdsente  les  memes  courbes  pour  Fr  =  100  KHz. 


On  constate  que  le  minimum  de  pertes  est  obtenu  autour  du  facteur  de  forme  5  (entre  4  et 
6)  .  Ces  pertes  tendent  vers  -«*■•  (en  dB)  quand  F  tend  vers  1  :  on  se  rapproche  alors  des 
radars  CW  ou  il  n'y  a  plus  de  reception  possible  par  la  meme  antenne. 

Quand  F  augmente,  les  pertes  augmentent  dgalement  :  si  il  y  a  moins  d'eclipses,  l'dcho 
dtant  moins  long#  1' influence  de  1 ' echantillonnage  devient  importante.  Cei-le-ci  diminue 
quand  on  augmente  la  cadence  de  1 'echantillonnage  (courbe  1).  Si  on  1' augmente  beaucoup, 
les  pertes  diminuent  quand  le  facteur  de  forme  augmente  et  1 'optimum  tend  a  disparaitre  : 
on  a  alors  interet  a  prendre  un  facteur  de  forme  dlevd. 


9  -  OPTIMISATION  PU  FACTEUR  DE  FORME  A  PUISSANCE  CRETE  EMISE  CONSTANTE 


Si  Pc  est  constante,  Pm  varie  avec  F.  La  courbe  Pdo  =  f(D)  de  reference  va  done  ddpendre 
de  F#  le  maximum  de  portee  dtant  atteint  pour  F  =  1  (radar  CW) .  La  figure  15  represente 
diverses  courbes  (hors  dclipse  et  hors  pertes  d ' dchant i 1 lonnage)  pour  diffdrents  facteurs 
de  forme. 


La  portee  de  rdfdrence  restant  100  km,  on  peut  ddduire  les  courbes  precedentcs  (a  Pm  cons- 
tante) ,  les  courbes  h  Pc  constante  en  ajoutant  aux  pertes  ddjd  calculdes  des  pertes  supple- 

mentaires  egales  d  10  log  (p) .  La  figure  1b  reprdsente  ces  pertes  pour  : 

Fr  =  200  KHz  et  T  =  250  ns  (courbe  1) 

T  =  500  ns  (courbe  2) 

T  =  1000  ns  (courbe  3}  . 


La  figure  17  reprdsente  ces  memes  courbes  pour  Fr  =  100  KHz.  On  constate  que  le  minimum 
de  pertes  est  obtenu  pour  un  facteur  de  forme  voisin  de  2.  Quand  F  est  faible,  la  puissance 
moyenne  est  dlevde  mais  les  eclipses  sont  frdquentes.  Quand  F  est  elevd,  les  dclipses  snnt 
moins  gdnantes  mais  la  puissance  moyenne  est  plus  faible. 

10  -  CONCLUSION 

On  a  presente  ici  4  mdthodes  pour  estimer  la  probabilite  de  detection.  Si  les  deux  prenudre 
sont  restrictives  quant  aux  conditions  d 'utilisation  (cible  stat ionnaire,  filtrage  et 
dchantil lonnage  adaptds  h  l’dmission),  les  deux  dernieres  ne  le  sont  pas.  De  plus,  la 
quatridme  est  tres  rapide. 

Ces  mdthodes  permettent  d'obtenir  facilement  des  portdes  de  ddtection  pour  des  radars  HFR, 
en  estimant  des  pertes  par  rapport  h  un  radar  CW  qui  aurait  la  meme  puissance  et  ceci 
pour  diffdrentes  charges  de  calcul. 

Ces  mdthodes  permettent  dgalement  de  ddterminer,  pour  une  puissance  moyenne  donnde  et  un 
dchant i 1 lonnage  donne ,  1' optimum  du  facteur  de  forme  (qui  dventuel lement  n'existe  pas  si 
la  c..dence  d  '  echant i  1  lonnage  est  tres  elevee)  . 
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DISCISSION 

A.  Prates  i 

Which  fluctuation  ease  did  you  assume  for  the  target?  Probably  the  model  adopted  w  as  that  of  a  non-llucluatiim  taruci 
otherwise  the  performance  would  have  been  much  worse. 

Author's  Reply 

Yes.  we  assumed  an  ideal,  non-fluctuating  target  in  order  to  simplify  the  analysis  of  the  statistical  process. 
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SUMMARY 

Binary  sequences  are  of  considerable  interest  in  many  appl ications .  In  particular,  the  performance  of 
a  radar  depends  on  the  ambiguity  function.  For  the  case  of  binary  phase  modulation,  the  zero-doppler  per¬ 
formance  of  a  pulse  radar  is  a  function  of  the  discrete  autocorrelation  of  the  corresponding  binary  sequence. 
Alternately,  a  binary  sequence  can  be  expressed  as  a  sequence  of  runs  where  the  length  of  a  run  is  equal  to 
the  number  of  contiguous  bits  of  same  sign.  Given  a  run  pattern  the  discrete  autocorrelation  can  be  com¬ 
puted  easily  and  more  rapidly  than  with  the  standard  technique.  The  inverse  problem,  which  is  the  s  nthe- 
sis  of  a  run  pattern  given  the  desired  discrete  autocorrelation  sequence,  is  much  more  difficult. 

This  paper  develops  a  set  of  sequential  relations  which  relate  the  desired  autocorrelation  sequence  to 
properties  of  the  run  pattern.  For  example,  the  autocorrelation  at  lag  1  defines  the  number  of  runs  for  a 
sequence  of  specified  length.  The  autocorrelation  at  lag  2  now  determines  the  number  of  runs  of  length  1. 
More  generally  the  autocorrelation  at  lag  (k+1)  establishes  a  relation  between  consecutive  runs  with  sum 
exactly  equal  to  k.  Judicious  use  of  these  relations  greatly  facilitates  the  computer  synthesis  of  binary 
sequences.  While  the  method  is  quite  general,  emphasis  is  on  tracking  applications  where  it  is  desired  to 
minimize  the  sidelobes  as  far  as  possible. 


1 .0  Introduction 

Binary  sequences  (elements  +1  or  -1)  are  of  considerable  interest.  In  radar,  one  is  frequently  inte¬ 
rested  in  pulse  compression,  which  involves  the  transmission  of  a  long  coded  pulse  and  the  processing  of 
the  received  echo  to  obtain  a  relatively  narrow  pulse.  In  particular,  the  performance  of  a  radar  depends 
on  the  ambiguity  function.  The  desired  goal  is  to  achieve  high  range  resolution,  as  in  a  narrow  pulse, 
and  good  doppler  resolution  and  high  average  power,  as  in  a  wide  pulse.  In  the  case  of  binary  phase  modu¬ 
lation,  the  zero-doppler  performance  is  determined  by  the  discrete  autocorrelation  of  the  corresponding 
binary  sequence. 

A  new  and  efficient  technique  to  compute  the  discrete  autocorrelation  of  a  binary  sequence  in  terms 
of  run  structure  was  presented  in  [l],  where  a  run  is  defined  as  the  number  of  contiguous  bits  of  the 
same  sign.  The  inverse  problem  is  the  synthesis  of  binary  sequences  with  specified  correlation.  It  was 
illustrated  by  the  synthesis  of  binary  sequences  of  length  17  such  that  the  absolute  value  of  the  sidelobes 
of  the  correlation  sequence  is  not  greater  than  1  up  to  lag  7. 

This  paper  develops  new  relations  and  an  efficient  strategy  which  makes  possible  the  synthesis  of 
binary  sequences  of  much  greater  lengths.  Assume  for  example  a  length  of  128  bits.  A  brute  force  approach 
(using  only  symmetry}  would  require  the  computation  of  2T^b  correlation  sequences  which  is  clearly  impos¬ 
sible.  In  the  proposed  technique  each  element  of  the  desired  correlation  sequence  determines  necessary 
structural  run  relations  which  eliminate  most  of  the  binary  sequences.  This  is  done  sequentially  starting 
with  lag  1  and  continuing  with  lag  2,  then  lag  3,  and  so  on.  For  example,  in  a  tracking  application  one 
may  want  minimum  sidelobes  as  far  as  possible.  Very  rapidly,  the  combined  relations  define  a  very  narrow 
class  of  sequences  and  the  synthesis  becomes  practical. 

The  paper  is  organized  as  follows: 

(1)  the  run  correlation  technique  developed  in  [1]  is  reviewed, 

(2)  the  structural  relations  necessary  for  synthesis  are  derived, 

(3)  a  method  to  define  the  allowable  set  of  tails  for  a  specified  correlation  sequence  is  presented, 

(4)  the  procedure  for  the  general  synthesis  of  binary  sequences  using  a  digital  computer  is  discussed, 

(5)  the  last  section  contains  conclusions  and  recommendations. 

2.0  Run  Correlation  Technique 

First,  let  us  consider  a  general  finite  sequence  of  length  N,  defined  as  (a.,  i=0,  1,...,N-1),  where 
the  afi)  are  arbitrary  real  numbers.  We  define  the  autocorrela tion  function  c(k)  as  follows: 

c  ( 0 )  =  N 


I'M  -  'M 

c(k )  -  T.  a  ( i )  a(i-'ki),  I  k  !  =  1  .2 . N-l 

i -0 


(1) 


:(k)  -  0  V  i  N. 

Let  us  now  consider  a  rectangular  waveform  x(t),  defined  as  a  sequence  of  N  contiguous  pulses  of  dur¬ 
ation  T  and  height  a(0),  a(l),  ....  a(N-l).  Thus 

N-l 

x(t.)  =  a(i)  rect_(  t-(  i  ♦0.5)T) ,  (?) 

i  =n  ’ 


23*2 


where  rectT(t)  is  a  unit  rectangular  pulse  of  height  1  and  width  T,  centered  at  the  origin. 

It  can  easily  be  shown  that  the  autocorrelation  of  this  waveform  is 
N-l 

ty(T)  =  E  T  c(k)APT(t  -  kT)  (3) 

X*  k=-(N-l )  21 

where  the  c(k)  are  given  in  (1)  and  Aprft)  ’s  a  tr^n9ular  pulse  of  height  1  and  width  2T,  centered  at  the 
origin.  Note  that  for  t  =  jT. 

♦xx(jT)  »  T  c(j)  for  |j|  <  N 

(4) 

-  0  |J|  >  N 

and  the  remaining  values  of  $xx(t)  are  obtained  simply  by  drawing  straight  lines  between  these  points.  For 
convenience,  we  assume  in  the  Sequel  that  T  =  1  as  a  simple  choice  of  time  scale. 

Let  us  now  specialize  to  consider  only  binary  sequences;  that  is  a(i)  takes  only  values  _*  1.  For  a 
binary  sequence,  it  is  convenient  to  introduce  the  concept  of  run  length,  the  number  of  consecutive  pulses 
of  the  same  sign.  For  example,  consider  the  sequence 

ta(i),  i  =  0.1 0]  =  [1,-1, 1,1,1, -1,-1, -1,1, 1,-1]  (5! 

with  autocorrelation  function 


[c ( k )  ,k=-10,10]  =  [-1  ,2,-1  ,-2,1  ,2,1  ,-4,- 3,0,1 1 ,0,-3, -4,1 ,2,1  ,-2,-1 ,2,-1  ].  (6) 

In  terms  of  run  lengths,  this  sequence  could  be  identified  as 

[r(i),i  =  l,6]  =  [1,1, 3, 3, 2.1],  (?) 


where  we  can  assume,  without  loss  of  generality,  that  the  sequence  starts  with  H. 


The  rectangular  waveform  x ( t )  is  still  given  by  (2)  where  |a(i)|  *  1.  A1 ternatively  x(t)  .an  be  viewed 
as  a  sum  of  step  functions,  where  a  new  step  function  is  introduced  to  effect  the  changes  of  sign  in  x(t). 
Thus  our  example  can  be  written  as 


x  ( t )  =  u(t)  +  2  E  (-1)'  u(t-i>.)  ♦  u(t-10), 
i=l 


(8) 


where  u(t)  is  the  unit  step  and  t. .  =  i  r.,  with  p  =  0.  Assuming  that  the  sequence  starts  with  a  +1,  the 
general  formula  is  j  =  1  J 

*-■  i  o 

x  ( t )  =  u(t)  ♦  z  l  '-1)1  u(t-iJ  4-  (-1)*  U(t-N),  (9) 

i  =1  1 

R 

where  N  and  R  are,  respectively,  the  length  and  number  of  runs  and  N  =  j ;  r.. 

i  =1  1 


The  autocorrelation  is 


=  x(-t)  *  x(t), 

**  R- 1 

where  x(-t)  =  -u(t)  ♦  2  T.  {-!)***  u(t*p.-) 
i  =1 


( -1 )R*V t*N)  and 


stands  for  convolution.  Using 


(10) 


u(t-a)  *  u(t-b)  =  Uj(t-(a+b)),  (11) 

where  Uj(t)-'t  for  t  »  0  and  zero  elsewhere  (the  unit  ramp),  it  follows  th*t 
R  R 

f  (t)  --  T.  T.  (-d.d.)  u.  (t-ii.f  Pz),  (12) 

xx  1=0  j=0  1  J  1  J 

where  dg  =  l  ,  dR  =  (-l)R,  (-1)^  2  for  i  =  1,...,R-1. 

Each  step  of  x(t)  and  of  x(-t)  is  described  by  a  pair  of  integers:  coefficient  and  delay.  Similarly, 
each  ramp  in  $  (t)  is  described  by  a  pair  of  integers:  coefficient  and  delay.  Therefore  the  correlation 
can  be  performed  using  a  tabular  arrangement,  where  the  horizontal  and  vertical  entries  are,  respectively, 
the  pairs  defining  x(t)  and  x(-t).  The  elements  of  the  table,  which  are  obtained  using  (11),  define  all 
the  ramps  which  combine  to  form  ^xx(t).  This  is  illustrated  in  Table  1  for  an  arbitrary  six-run  sequence. 
Pairs  with  the  same  delay  must  be  collected  by  adding  the  coefficients  algeb-aical 1y  to  find  the  net  co¬ 
efficient  for  the  ramp  starting  at  that  delay. 

Starting  with  the  most  negative  delay,  -N,  one  can  work  forward  to  the  greatest  positive  delay,  N,  to 
obtain  the  entire  autocorrelation  function.  Let  us  take  our  original  example,  defined  in  terms  of  run 
lengths,  [r^=l,6]  =  [1 ,1  ,3,3,2,!].  Using  these  numerical  values  in  Table  1  and  gathering  terms,  one  obtains 

^x(T)  =  -u1(t+ll)*4u1(t*10)-6u1(t+9)^2u1(t  +  8)*4u1(t+7)-2u1(t^6)-2u1(tf5)-4u1(tM)+6u1(t*3)*2u1(t*2) 
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Table  1  is  a  square  array  of  dimension  H  -  R+l  with  interesting  structural  properties.  It  is  skew 
symmetric,  with  each  entry  above  the  principal  diagonal  having  a  corresponding  entry  of  opposite  sign  below 
the  principal  diagonal.  The  magnitude  of  the  coefficients  of  the  corner  entries  is  1;  the  magnitude  of 
the  other  coefficients  along  the  edges  of  the  table  is  2;  the  magnitude  of  all  other  coefficients  is  4. 

The  principal  diagonal  contains  all  the  ramps  starting  at  lag  zero,  resulting  in  a  change  of  slope  p  = 

-4R+2  and  a  net  slope  forward  Sn  =  -2R+1 .  8 y  symmetry,  since  =  N,  't  follows  that  =  N-2R+1  .  Note  that 
5.,  the  autocorrelation  at  lag  1,  depends  only  or.  sequence  length  and  number  of  runs.  In  pa-ticular,  for 
any  sequence  with  u  odd  and  R-(N+l)/2,  the  autocorrelation  at  lag  1  will  be  0.  Also,  the  change  in  slope  at 
delay  1  is 

pj  -  4n^  -  2tj  (16) 

where  n,  is  the  total  number  of  runs  of  length  1  and  t.  is  the  number  of  such  runs  occurring  at  the  end  of 
the  sequence.  8ecause  of  the  symmetry,  all  the  remaining  information  is  contained  in  the  elements  above 
the  principal  diagonal,  and  the  element  in  the  upper  right  corner  is  always  N. 

The  lag  values  along  the  first  diagonal  above  the  principal  diagonal  are  list  of  runs,  i.e.,  r1 ,  r„, 
...»  rR.  The  coefficients  of  the  end  terms  on  this  diagonal  are  2;  the  coefficients  of  the  remaining  terms 
are  4.  The  lag  values  along  the  next  diagonal  are  sums  of  consecutive  runs  taken  2  at  a  time.  All  coef¬ 
ficients  on  this  diagonal  are  negative,  with  the  end  coefficients  being  -2  and  the  other  coefficients  -4. 

A  similar  pattern  can  be  seen  on  the  other  diagonals.  To  facilitate  both  visualization  and  computation, 
it  is  convenient  to  present  a  revised  tableau,  as  shown  in  Table  2. 

This  tableau  gives  just  the  delays  of  the  ramp  pairs.  The  first  column  contains  the  delays  of  the 
first  diagonal  above  the  principal  diagonal;  the  second  column  contains  the  delays  of  the  next  diagonal; 
and  so  on.  The  coefficients  to  be  associated  with  each  delay  can  be  determined  by  a  simple  rule.  All  the 
coefficients  associated  with  any  given  column  have  the  same  sign,  and  the  signs  alternate  from  column  to 
solumn,  starting  with  a  plus  for  the  first  column,  in  each  column  the  magnitude  of  the  coefficients  for 
the  first  and  last  delay  is  2;  the  magnitude  of  the  remaining  coefficients  is  4. 

The  table  is  computed  in  a  straightforward  manner,  one  row  after  the  other.  At  the  same  time  the  set 
of  slope  changes  [•  .]  are  computed;  that  is,  when  the  element  of  the  table  is  equal  to  i,  then  ..  is  in¬ 
cremented  by  the  appropriate  signed  weight.  Thus  the  elements  of  the  table  are  used  immediately  and  need 
not  be  stored.  The  number  of  additions  in  the  table  is  (R-l)(R-2)/2  plus  R ( R-l ) / 2  additions  for  accumu¬ 
lating  the  p  values.  Following  (14),  we  need  2  additions  to  compute  s.  ,  and  s.  and  ,  using 

for  a  total  of  2  ( R-l )  additions.  Thus  the  computation  of  [t>-3  requires  (R-l)2  additions.  As  a  general 
rDle,  R-N/2 ;  hence,  using  the  table,  one  requires  approximately  (N-2)2/4  additions  and  no  multiplications. 

The  direct  calculation  of  the  autocorrelation  function  requires  N(N-l)/2  multiplications  and  (N-l ) 
(N-2)/2  additions.  Even  if  we  assume  that  the  multiplications  can  be  performed  as  exclusive  or's  at  the 
same  cost  as  an  addition,  the  proposed  technique  should  be  four  times  faster  than  the  direct  method. 


3.0  Structural  Relations 


It  is  easy  to  eliminate  sk  in  (14)  and  to  express  $k  in  terms  of  SQ  and  pk: 

*1  “  *o  *  so 
*2  =  *o  *  2so  *  °1 


(17) 


=  $0  +  ks0  *  f  (k-2>0j  *  *  t'k_] 

where  4>  =  N  and  s„  =  -2R+1 . 

0  o 

Observe  a  binary  sequence,  from  left  to  right,  through  a  moving  window  of  width  m.  For  each  position 
compute  the  sum  of  the  m  runs  in  the  window  and  tabulate.  Let  s.  be  the  number  of  times  that  the  sum  of 
m  runs  is  exactly  equal  to  k,  within  a  complete  window  scan.  Let  t.  be  the  number  of  times  that  the  sum 
of  m  runs  is  exactly  equal  to  k  for  the  two  ending  positions  of  theKWindow;  t.  can  take  only  one  of  three 
values:  0,  1  and  2.  It  can  be  shown  that  the  incremental  slope  ok  is  a  function  of  skm  and  tkm  where  m 
ranges  from  1  to  k: 


IS 

IS 

BBS 

R5(  +  ) 

m 

IQ 

rl  +r2+r3  +  r4'fr5 

I 

BUS 

BBSSIil 

r24r3*Vr5+r6 

EBB 

SS1110 

BS 

SB 

1 

E 

Ve 

mm 

MM 

■ 

Table  2:  Revised  Tableau 
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-  2t, 


2t2 

2t0 


08) 


+  4s33  -  2t33  -  4s32 


2t 


32 


and  so  on.  For  a  more  compact  notation,  let  be  the  number  of  times  that  the  sum  of  runs  is  equal  to  k 
for  windows  with  odd  width  and  let  gk  be  the  number  of  times  the  $um  of  runs  is  equal  to  k  for  window  with 
even  width.  Let  also  mi  and  be  the  number  of  times  that  the  sum  of  runs  is  equal  to  k  for  ending  windoi 


wiuv.ii.  I_cw  a  I  ID.  anu  rw  uc  me  numuci  ui  Lillies  trial  trie  sum  ot  ru: 

with  odd  or  even  width,  respectively.  Then,  the  relations  for  p.  become 

p,  -  <»,  -2"J 


pk  -  «(-k  -  lk)  -  2(-J  -  1k)  for  k  .  2,3.... 


for  ending  windows 
(19) 


The  specific  run  patterns  are  denoted  by  a  second  index  which  is  defined  by  ordering  the  patterns  as 
increasing  integers.  For  example. 


-4  =  “41  +  “42  +  “43  +  “44  =  4(41  +  4(1121  + 

’l4  “  '(41  *  742  +  743  +  744  °  4(131  +  4(221  + 

“5  =  “51  *  “52  +  “53  *  “  54  *  '  55  +  “56  +  '  57 

+  4(221)  +  4(311)  +  4(11111) 


4(121)  +  4(211) 

4(31)  ♦  4(1111)  (20) 

♦  p  =  4(5)  +  4(113)  +  4(122)  ♦  4(131)  +  4(212) 


7s  =  751  +  752  *  753  *  754  *  7S5  +  75«  +  757  +  >58  3  4(141  *  4(231  +  4(321  +  4(411  +  4(1 1121+4(1 121 > 
+  4(1211)  +  4(2111). 


Sometimes  one  may  want  to  count  together  a  pattern 
the  pattern  index.  For  example 


and  its  symmetric. 


this  is  indicated  by  underlining 


751  =  751  *  754  =  4(141  +  4(411  (21  ) 

“52  ‘  “52  +  “57  *  4(1131  +  4(3111 

We  have  shown  how  the  sequence  of  incremental  slopes  [p.]  relate  to  the  sequence  structure  in  (18). 
The  sequences  [skJ  and  [pkJ  can  be  computed  from  the  desiredKcorrelation  sequence  [$k]  using  (14): 

sk  =  *k+l  *  ♦k  (22) 

pk  =  sk  "sk-l  =  *k+l  *  2*k  +  *k-l 

Together  (19)  and  (22)  establish  a  connection  oetween  the  desired  correlation  sequence  and  the  required 
run  structure. 


As  an  illustration,  assume  that  a  tracking  application  requires 

[♦k,  k=0,  N-l]  =  [N, 0,-1 ,0,-1 ,0,-1 ,  as  far  as  possible].  (23) 

From  (22)  one  obtains 

[s,,  k=0,  N-l]  =  T-N  ,-l  ,1  ,-l  ,1  ,-l  as  far  as  possible] 
k  '  (24) 

[ok,  k=0,  N-l]  =  [-2N,  N-l,  2, -2, 2, -2  as  far  as  possible] 

Since  s  =  -2R  +  1  =-N,  it  follows  that  N  is  odd  and  that  it  can  be  written  as  N  =  4j  +  1  or 
N  =  4j  +  3.  °Consider  the  case  N  =  4j  +  3,  then  R  =  2(j+l)  and  $(N-1)  =  -1.  The  number  of  runs  of  lennth 
1  is  determined  from 

o,  =  N-l  =  4»1  -  2»j  (25) 

which  becomes 

2j  +  1  =  2*»1  -  wj.  (26) 

The  solution  of  (26)  is  =1  which  means  that  the  sequence  starts  with  a  run  of  length  1  and  that  the 
number  of  runs  of  length  1  is  n^  =  =  j  +  1.  The  remaining  relations  can  be  written  as 

»k  *  2(-llk  *  H  -  H  -  %  +  2\ 

or  (-l)k  =  2uk  -  ,>•  -  2^k  *  n‘  for  k=2,3...  (27) 

Relation  (27)  establishes  constraints  on  the  sequence  structure.  It  also  shows  that  the  sequence  endings 
(tails)  must  satisfy 

“i  +  Vk  *  1  for  k  -  2.3,... 


(28) 
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4.0  Set  of  Allowable  Tails 


Continuing  the  example  defined  by  relations  (24)  through  (28)  let  us  determine  the  set  of  allowable 
tails.  Assume  that  we  want  to  satisfy  (24)  for  the  first  m  steps,  i.e.  through  $  Relation  (28)  means 
that  for  each  k,  where  k=l  to  m,  the  runs  in  the  tails  will  add  exactly  to  k  e«.  dC?t  y  one  time.  The  set  of 
allowed  tails  can  be  defined  sequentially.  From  (26),  the  sequence  is  of  the  form 

I  ...  2  (29) 

where  2  denotes  a  run  of  length  2  or  more.  Now,  to  satisfy  (28)  for  k=2,  one  has  two  choices 

II  ...  3  or  12  ...  2  (30) 


To  satisfy  (28)  for  k=3  one  must  expand  each  of  the  two  choices 

11  ...  3  -  111  ...  J  or  112  ...  3 

12  ...  2  -  12  ...  22  or  13  ...  12 


(31) 


Continuing  this  procedure  through  m  =  5,  i.e.  one  obtains  16  sets  of  allowable  tails 
11111  ...  6,  11112  ...  5,  1112  ...  '24,  1113  ...  14 
1121  ...  33.  1122  ...  23,  11  3  ...  21  3,  114  ...  113 
1211  ...  42,  1212  ...  32,  122  ...  222,  123  ...  122 


(32) 


131  ...  112,  13?  ...  212,  14  ...  ?112,  IF  ...  1112. 

5.0  Procedure  for  Synthesis 

We  want  to  find  binary  sequences  of  a  given  length  which  will  match  a  specified  correlation  pattern 
for  as  many  lags  as  possible. 

An  optimum  procedure  is  presented  to  define  the  class  of  binary  sequences  which  satisfy  a  specified 
correlation  pattern  up  to  lag  6.  While  the  technique  could  be  extended  beyond  lag  6,  this  may  not  be  neces¬ 
sary.  Indeed  in  order  to  satisfy  the  correlation  pattern  up  to  lag  6  one  eliminates  most  of  the  binary 
sequences  and  the  acceptable  class  of  sequences  has  very  few  degrees  of  freedom  left.  Thus  an  intelligent 
computer  search  becomes  feasible  even  if  it  is  not  optimum. 

To  determine  the  class  of  sequences  which  satisfy  the  desired  correlation  pattern  up  to  lag  6,  the 
steps  are  as  follows:  (1)  Select  N  and  compute  the  number  of  runs  R  from  <p.  ,  (2)  Compute  the  sequence  of 
incremental  slopes  [d.  ,  k=0,5]  from  the  specified  correlation  sequence  [*.  ,  k=0,6]  using  (22),  (3)  Determine 
the  set  of  allowable  tails  as  explained  in  Section  4.0  and  incorporate  this  information  in  [. -  ]  to  obtain 
KJ  where  the  end  effects  have  been  removed,  (4)  Define  the  class  of  sequences  which  satis  fy*all  the 
structural  constraints  implicitly  contained  in  the  relations  o*  p*  p*  and  0*  This  is  the  most  dif¬ 
ficult  part  of  the  synthesis,  (5)  Translate  the  set  of  constraints  obtai nea  above  into  a  list  of  acceptable 
sequences . 

To  illustrate  the  procedure  let  N  =  4j+3  =  31  and  assume  a  correlation  sequence  as  in  (23).  Then  the 
number  of  runs  is 


R  =  NH  =  2(jM)  =  16  . 
2 


(33) 


From  (24) 

Cok.  k  =  0,5]  =  [-62, 30, 2, -2, 2,-2]. 

Among  the  sets  of  tails  listed  in  (32)  select  one,  say 
1121  ...  33. 

The  sequences  u>k  and  are  easily  computed  for  the  selected  set  of  tails 
[u>k,  k=l,5]  =  [l.0, 1,1.0] 
fc=l,5]  =  [0,1, 0,0,1]. 

Write  and  ^  as 

=  4“k 

Ik  ”tk  +  AHk 

where  and  Arjk  are  the  contributions  from  the  tails.  One  reads 
[Au>k,  k=l,5]  ■  [3,1,1 ,2,0] 

[at1|i,  k  =  l  ,5]  -  [0,1, 2, 0,1] 
where  "5  is  not  yet  usable. 


(34) 

(35) 


(36) 


(37) 


(38) 
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Compute  the  sequences  [p*]  by  plugging  [«'],  [n*],  [du.],  [dn.]  into  the  sequences  [p,  ]  given  by  (25) 
and  {27)  and  solve.  One  obtains  5  relations  K  ' 


£ii*  =  n* 

“2 

-3  M]" 

3  3  (39) 

'“5  +  1  =  14 

"5  ■  15  ■ 

Denote  as  frame  the  part  of  the  sequence  which  needs  to  be  specified, 

1  ...  1.  (40) 


From  there  on  the  discussion  will  refer  to  the  frame  unless  indicated  otherwise.  Equation  (39-1)  defines 
n*  the  additional  runs  of  length  1 

s  Of  =  5.  (41) 

It  follows  that  the  number  of  runs  of  length  1  is  n^  s  6,  that  the  number  of  runs  of  length  2  (2  or  more) 
is  rtf  ~  and  that  these  n*  runs  span  N-s  =  18  bits.  Let  n9  be  the  number  of  runs  of  lenqth  2  The  first 
set  of  bounds  for  n?  is  r(np  =  (0,5).  c 

Define  p.  as  the  number  of  packs  of  1,  where  a  pack  consists  of  consecutive  identical  runs.  Based  on 
n, ,  n^,  and  the  structure  of  the  frame,  the  first  set  of  bounds  for  p.  is  r,  (P.)  =  (1,6).  Equation  (39-2) 
establishes  a  relation  between  and  P-| 


n 2  =  nir  "i  ‘  pi 

or 

n2  *  P1  =  nl  *  6' 

After  combining  the  bounds  of  And  p1 ,  one  obtains  the  final  set  of  bounds  for 

«(p,)  =  (1.6). 


(42) 


(43) 


In  other  words  there  are  6  choices  for  ( p, ,  n  ).  Let  the  packs  of  1  be  partitioned  into  packs  made  of  a 
single  run  and  packs  made  of  multiple  runs 


Pi  =  °1  *  t’l  2  '  (44) 

The  first  set  of  bounds  fo-  $  (o*),  is  easily  obtained  given  n.  and  p.  .  From  n.  ,  p.  and  o.  one  can 
compute  the  first  set  of  bounds  on  £  (w^),  using 

w32  =  =  ni  ~  2pl  +  V  (45) 

Similarly  one  can  compute  the  bounds  for  w..  =  #(3),  ^  (<«..),  given  n  and  *=.  These  results  are 
listed  in  Table  3  for  our  example. 


Pl 

n2 

no 

5  (m31  ) 

C  (w32) 

1 

5 

1 

0,  0 

4,  4 

2 

4 

2 

0,  1 

2,  3 

3 

3 

3 

0,  2 

0,  2 

4 

2 

4 

2,  3 

0,  1 

5 

1 

5 

4,  4 

0,  0 

6 

0 

_ _  .. 

6 

6,  6 

0,  0 

Table  3:  Constraints  Through  or  4^ 


The  number  of  runs  of  length  k  and  the  number  of  packs  of  runs  of  length  k  have  been  denoted  as  and 
p  ,  respectively.  Let  r  and  it.  be  used,  respectively ,  as  symbols  for  a  run  of  length  k  and  a  pack  of  runs 
or  length  k.  We  define  as  a  leOel  k  block  an  interlaced  sequence  made  of  packs  and  "rrr,  where  h-t-t  is 
the  symbol  for  a  pack  of  runs  of  length  k+1  or  more.  Let  1  and  m,  denote  respectively,  tni  number  or  packs 
it and  the  number  of  packs  in  the  block.  As  a  concise  representation  a  level  k  block  will  be  written 

e(k,l,m,i)  (46) 


where  i  =  1  or  2  depending  whether  the  block  starts  with  tt^  or  tt-j^-.  At  this  stage,  the  frame  can  be  re¬ 
presented  as  a  level  1  block 


bO,  Pr  P,*  1). 


(47) 


the  last  element  of  this  block  is  the  right  edge  of  the  frame  and  it  will  be  denoted  as  Tie. 


Tie  is  a  which  is  made  up  of  one  or  more  (including  the  visible  3).  Our  next  step  is  to  speci¬ 
fy  Tie  as  a  level  2  block. 

Tie  =  8(2,  1,  m,  i). 


One  needs  to  distinguish  4  cases: 
Tie  (1)  =  8(2,0, 1,2) 

Tie  (2)  =  8(2, 1,1,1) 

Tie  (3)  =  8(2,j J+1. 2) 


(48) 


Tie  (4)  =  8(2 , j+1 J+1 ,1 ) 

where  j=l  (one  or  more).  Table  4  expands  on  Table  3  by  specifying  the  choice  of  Tie  for  each  P,  .  Denote 
as  Window  the  remainder  of  Frame  minus  Tie,  then  w  denotes  the  maximum  number  of  runs  r^  available  for 
use  in  the  window.  Obviously  ^  and  w^  will  restrict  the  selection  of  level  2  blocks  within  the  window. 


Also  the  choice  of  Tie  is  restricted  bj?  p, ,  n_  and 
the  first  set  of  bounds  for  rj*  in  the  frame,  t  ('l^) 


tr?cted  by 


and  given  in  Table  3.  The  last  column  of  Table  4  gives 
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Tie  (k) 

*2 

WSJ 

5  ili) 

( *  3 ) 

1 

2 

0 

0 

0,0 

empty 

2 

1 

4 

1 

1  ,2 

2,3 

2 

2 

3 

1 

1  ,3 

2,4 

? 

3 

3 

0 

2,2 

3,3 

2 

4 

2 

0 

3,3 

4,4 

3 

1 

3 

2 

1  ,4 

2,4 

3 

2 

2 

2 

1  ,5 

2,4 

3 

3 

2 

1 

2,4 

3,4 

3 

4 

1 

1 

3,3 

4,4 

4 

1 

2 

3 

1  ,4 

2,4 

4 

2 

1 

3 

1  .3 

2.4 

4 

3 

1 

2 

2,2 

3.3 

5 

1 

1 

4 

1  .2 

empty 

5 

2 

0 

4 

1  ,1 

empty 

6 

1 

0 

5 

0,0 

empcy 

Table  4:  Constraints  Through  Including  Tie 

For  each  allowed  choice  of  p^  and  Tie(k)  the  bounds  on  and  ^  are  specified  in  Tables  3  and 

4.  We  are  now  ready  to  solve  (39.3).  It  can  be  written  as 

“31  +  “32  =  H3  *  1  =  *3  (49) 

where  is  the  intermediate  solution.  The  bounds  on  v,,  which  are  obtained  by  merging  all  bounds  in  (49), 
are  also  listed  as  c(xj  Table  4.  Altogether  there  are  only  23  distinct  combinations  of  p, ,  Tie(k),  and 
a..  By  completing  theJsolution  for  each  of  the  above  combinations,  one  defines  CLASS-4  sequences,  i.e., 
sequences  which  satisfy  the  specified  correlation  sequence  up  to 

As  an  illustration,  Table  5  lists  all  the  necessary  and  sufficient  structural  constraints  for  the  mem¬ 
bers  of  CLASS-4  generated  by  two  combinations:  (p, ,  k,  x  )  =  (3,  3,  3)  and  (3,  3,  4).  Consider  for  example 
the  member  of  CLASS-4  defined  by  the  first  row.  I n  FRAME,  the  runs  of  length  1  are  organized  as  3  packs, 
two  of  which  are  single.  Tie  is  completely  defined  in  terms  of  packs 

Tie{3)  =  8(2,1 ,2,2)  -  (50) 

Window  contains  8(2,1, 0,1)  =  and  8(2, 0,1, 2)  =  r-j.  In  the  third  row  8(2,1  ,1  ,x)  means  n-^  or  n 
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6(2.1  ,0,1) 
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1 

2 

1 

1 

1 

0 

3 

3 

4 

!  2 

1 _ 

2 

3 

2 

1 

0 

1  I 

Table  5:  Structural  Constraints  for  CLASS-4  Sequences 


Now  we  want  to  follow  up  on  each  member  of  CLASS-4  to  see  if  it  can  generate  one  or  more  members  of 
CLASS-5,  a  class  of  sequences  which  matches  the  specified  correlation  up  to  $«..  Consider  the  sequence  of 
packs  n,  and  ignore  for  the  time  being  the  interlacing  blocks  3.  This  sequence  consists  of  pj  packs  of 
runs  of  length  1  which  are  divided  into  o,  =  Pi i  singles  and  p17  multiples;  the  symbols  are  njj  and  n37, 
respect)  vel  y.  Group  the  consecutive  llji  and  the  consecutive  iliy  into  Bunches  with  symbols  r  1 1  and  7, 


respectively-  Let  v.  i 


and 


be  respectively  the  number  of 


packs  - j  can  be  viewed  as  one  Cluster  of  Bunches 

C(1 


Mr 


M2’  X! 


and  r in  the  Frame.  The  sequence  of 


(51) 


where  X  is  1  i f  the  sequence  starts  with  a  Bunch  made  of  a\\  and  2  otherwise.  One  can  view  the  Cluster 
as  defining  Holes  which  will  contain  the  elements  6.  There  are  four  kinds  of  Holes:  (1)  H:j  between  two 
(2)  H,*-  between  T-n  and  Jii7,  (3)  Hy;  between  and  Hu,  and  (4)  wr7  between  rt17  and  r  17.  At  this 
stage,  we  do  not  need  to  distinguish  between  H|7  and  1+71  and  we  use  the  symbol  H|~  =  H37  or  Hy3 .  Let  h- • 
and  h;7  and  denote  the  number  of  suGh  holes.  It  is  easy  to  show  that  hj  j  -  -  y«j,  ly-  =  p^-  -  y.y, 

and  =  ,  , ,  +  y17  -  1.  As  an  illustration,  consider  the  first  row  of  Table  5  which  defines  a  mernDer  of 

CLASS-4.  For  this  case  there  are  3  possible  Cluster  patterns  and  for  each  pattern  one  can  easily  find 
the  bounds  for  assuming  various  assignments  of  the  8  blocks  In  the  Holes: 


CO  .2, l.l!  -  rur1?rn,  0 
C(l  ,1 ,1 ,2)  =  r„r 


5U42)  =  (O.D 


'42 


)  =  (1,1) 
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cU42)  =  (0,1). 


The  limits  on  other  elements  of 
the  bounds  on  q4  are  =  (0,2),  C^u?) 


+  1  = 


>1 


(52) 


are  easily  obtained:  r  (uu,  4 )  =  (1,1),  tfu-uj)  =  (0,1).  Similarly 
=  (1,1),  and  '(nut.)  -  0,1).  One  is  ready  to  solve  (39-4) 

=  (53) 


The  bounds  on  u  are  obtained  by  merging  all  the  bounds:  s(>u)  =  (3,4).  The  four  solutions  for  the  firs’ 
cl  uster  pattern  are 

p,,  uuui  ,  Hi.  >1,  Hu:,  >„)  *  (2,1  ,0,0, 0,1  ,1)  or  (3,1  ,0,1  ,1  ,1  ,1!  or  (3,1  ,1  ,0,1  ,1  ,1)  or  <54) 

(4,1 ,1 ,1 ,2,1 ,1) 

Together  with  the  third  row  of  Table  4,  the  first  row  of  Table  5,  and  (52),  these  solutions  define  the 
structure  of  members  of  CLASS-5. 

The  next  step  would  be  to  consider  each  member  of  CLASS-5,  to  partition  it,  and  to  check  for  possible 
generation  of  members  of  CLASS-6,  We  have  developed  algorithms  for  this  purpose,  but  discussing  them  would 
require  too  much  space. 

6.0  Conclusions  and  Recommendations 

We  have  presented  a  powerful  technique  for  the  generation  of  binary  sequences  with  specified  correlation 
sen'ience.  It  was  shown  that  for  a  binary  sequence  of  length  31  there  are  only  '6  sets  of  tails  allowed, 
and  that  for  each  choice  of  tails  there  are  only  about  200  members  of  CLASS-5  sequences  which  match  the 
specified  correlation  through  We  are  in  the  process  of  developing  a  compu.er  program  which  will  synthe¬ 

size  binary  sequences  of  length  up  to  128  which  match  a  specified  correlation  pattern  as  far  as  possible. 

It  is  expected  that  new  sequences  will  be  discovered  which  will  significantly  improve  the  performance  of 
many  radar  or  communication  systems.  Future  plans  include  the  synthesis  of  cyclic  binary  sequences. 
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SUMMARY 

It  has  been  well  known  that  high  frequency  radar  interrogation  may  (will)  disclose  fine  geometrical 
as  well  as  Indepth  material  decomposition  of  radar  targets,  whereas  low  frequency  interception  may  (will) 
only  recover  such  coarse  information  as  target  size  and  target  volume.  At  low  frequencies,  a  target 
behaves  as  if  it  were  a  point  source;  within  the  resonance  frequency  regime  it  may  disclose  its  natural 
frequency  structure;  and  at  high  frequencies  (PO/GO)  its  geometrical  fine  structures.  Any  target  des¬ 
criptor  which  is  intended  to  describe  the  geometry  becomes  somewhat  loose  in  its  validity  at  low  and 
resonant  frequencies.  For  a  target  descriptor  to  describe  fine  geometrical  structure,  it  has  to  be 
defined  on  a  high  frequency  basis. 

In  the  phenomenological  wideband  polarimetric  approach  of  the  polarimetric  radar  target  description 
first  introduced  by  uennaugh  [2,11]  and  further  extended  by  Huynen  [7],  the  proper  specification  of 
frequency  range  of  validity  has  not  been  pointed  out.  In  both  treatments  little  care  was  given  to  this 
fact,  which  resulted  in  an  hapha:?rd  early  rejection  of  these  important  high  resolution  polarimetric  radar 
target  imaging  theories  because  the  resulting  algorithms  were  incorrectly  applied  to  the  total  spectral 
region. 

In  view  of  these  unsubstantiated  claims  of  the  "Complete  Uselessness  of  High  Resolution  Polarimetric 
Radar  Imagery",  here,  the  main  objective  is  to  show,  based  on  rigorous  electromagnetic  vector  scattering 
theory,  that  the  Kennaugh,  and  particularly  the  Huynen  polarimetric  target  descriptors,  at  high  frequen¬ 
cies,  can  be  closely  related  to  specular  geometry  (in  particular,  specular  curvature). 

For  the  purpose  of  verifying  our  approach  the  perfectly  conducting  ellipsoid  is  considered  versus 
similar  spherical  target  shapes.  Numerical  verification  with  measured  scattering  data  for  these  shapes  is 
shown,  and  application  of  the  Kennaugh  and  Huynen  target  characteri Stic  descriptors  in  downrange  target 
discrimination,  imaging  and  identification  is  suggested  or  demonstrated. 
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I.  INTRODUCTION 

Huynen’ s  target  descriptors  [7]  have  been  successfully  applied  to  pol arim<r tri c  radar  target  discrimi¬ 
nation  [1?].  For  instance,  by  comparing  descriptors  of  different  targets  (at  fixed  aspect  angles)  at  a 
fixed  frequency,  depiction  of  target  shapes  can  be  conceived;  by  comparing  downrange  values  of  the  des¬ 
criptors  of  a  fixed  target,  a  'tune*  of  downrange  description  can  be  obtained,  and  any  abrupt  change  of 
the  tune  directly  indicates  target  characteristics  or  singularities.  However,  all  these  descriptions  are 
rather  qualitative  and  some  mental  gymnastics  may  be  necessitated  to  figure  out  target  shapes.  One  alter¬ 
native  is  to  build  up  an  enormous  target  shape  and  signature  library,  in  which  correspondence  between 
signature  and  shape  is  to  be  matched.  Yet  the  problems  of  uniqueness  and  exhaustive  search  may  render 
this  logistic  approach  practically  futile.  What  is  proposed  and  initiated  here  is  an  Imaging  algorithm  by 
which  Kennaugh  [<}]  and  Huynen's  theories  are  applied  and  extended  to  reconstruct  the  specular  shape  of  a 
target.  As  suggested  by  Chaudhuri  (4]  and  Borden  [3],  the  theories  of  differential  geometry  have  already 
hinted  a  reconstruction  scheme.  The  solution  to  this  so-called  Christoffel -Hurwitz  problem  requires  input 
of  intrinsic  invariant  geometrical  parameters  such  as  curvatures.  Since  curvatures  do  not  depend  on 
frequency,  whoreas  Huynen’s  descriptors  do,  Huynen's  descriptors  cannot,  in  general,  be  applied  to 
retrieve  curvatures  or  any  other  invariant  geometrical  parameters.  Recently,  Chaudhuri,  Foo  and  Boerner 
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[5,6]  have  investigated  the  frequency  dependence  of  Huynen's  descriptors  in  the  high  frequency  regime,  and 
they  danonstrated  that  the  high  frequency  Huynen’s  descriptors  behave  in  such  a  way  that  its  asymptotic 
values  are  directly  related  to  specular  electrical  curvatures. 

To  Have  an  overall  view  of  the  relation  between  the  high  frequency  descriptors  and  specular  geometry, 
the  Kennaugh-Cosgriff ‘s  [10]  physical  optics  approach,  which  links  the  backscattered  impulse  response  and 
target  geometry,  is  introduced  in  the  next  section.  Since  physical  optics  suffer  from  polarization- 
independence,  Bennett's  first  order  correction  [1]  to  physical  optics  is  adopted.  Bennett  et  al .  [l] 
simplified  their  space-time  integral  equation  approach  and  found  that  first  order  correction  is  propor¬ 
tional  to  curvature  difference.  By  taking  the  Fourier  transform  of  the  corrected  impulse  response,  Foo, 
Chaudhuri  and  Boerner  [6]  obtained  the  high  frequency  dependence  of  the  monostatic  relative  phase  scat¬ 
tering  matrix  elements  in  terms  of  curvatures,  polarization,  frequency  and  an  aspect-dependent  geometrical 
function,  as  described  in  Section  III.  In  Section  IV,  Huynen's  algebraic  approach  [8]  is  followed  to 
obtain  the  elements  of  the  Mueller  matrix  in  terms  of  the  elements  of  the  scattering  matrix.  Hence,  the 
Huynen's  descriptors,  based  on  the  Mueller  matrix  elements,  can  be  related  to  the  specular  curvatures  and 
target  orientation,  as  shown  in  Section  V.  Numerical  results  are  presented  in  Section  VI.  Some 
applications  of  Huynen's  descriptors  are  discussed  in  Section  VII.  Conclusions  and  recommendations  are  in 
Section  VI II. 

II.  FIRST  ORDER  CORRECTION  TO  PHYSICAL  OPTICS  SCATTTFRING 

For  a  perfectly  conducting  target,  the  far  scattered  field  can  be  expressed  in  terms  of  current 
induced  on  the  target  surface  due  to  incidence  field  [1] 

rfls(r,t)  =^JJ  «  ar  ds'  (1) 


where  3  denotes  the  induced  surface  current  density,  r  and  r'  denote  position  vectors  to  the  observation 
poirit  and  integration  point,  respectively,  ap  denotes  the  unit  vector  of  r  and  x  is  the  retarded  time. 

A  space-time  integral  equation  derived  by  Bennett  [1]  enables  3  to  be  written  as  a  sum  of  physical 

optics  currents  3„  and  contribution  of  retarded  currents  3  ,  where 
po  e  * 


and 


uu  Ju 


(3) 


an  denotes  the  outward  normal  vector,  au  and  ay  denote  unit  vectors  along  the  principal  directions  with 

curvatures  and  Ky,  and  Jy  are  the  components  of  3  along  a  and  ay,  respectively.  Equation  (3)  is  a 
first  order  approximation  derived  [I]  from  integrating  over  a  small  specular  patch  of  radius  Dis¬ 
cussion  here  is  restricted  to  the  illuminated  side  of  a  smooth,  conducting,  asymmetric  convex  target.  By 
assuming  physical  optics  currents  for  Jy  and  Jy  in  Eq.  (3)  and  then  substituting  Eqs.  (2)  and  (3)  into  Eq. 

(1),  the  total  impulse  response  far  scattered  field  due  to  both  3pQ  and  3£  can  be  obtained  [6,1] 


2 

\(r,t)  =  i-  — ?  A(t)  aH 


where  aH  is  the  unit  vector  along  the  incident  field  (Figure  1),  and  A(t)  is  the  silhouette  area  of 

l  1 

the  target  as  delineated  by  the  wavefront  moving  at  half  the  speed  of  light. 


Principal 

curves 


Figure  1:  Specular  Coorindate  System 
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The  first  term  in  Eq.  (4)  gives  the  Kennaugh-Cosgri f f  formula  [10],  which  is  polarization-indepen¬ 
dent.  The  second  term  gives  the  first  order  polarization  correction  and  takes  the  functional  form  of  the 
first  derivative  of  the  area  function  A(t)  and  is  proportional  to  the  principal  curvature  difference 
{K  -K  ).  The  polarization  correction  to  the  Physical  Optics  approximation  is  essential,  if  the  high 

frequency  scattering  matrix  elements  containing  polarization  information  are  to  be  related  to  target 
geometry . 

III.  SCATTERING  MATRIX  IN  TERMS  OF  CURVATURE  DIFFERENCE 

Taking  the  Fourier  transform  of  Eq.  (4),  expressions  for  the  scattering  matrix  components  can  be 
obtained  [6] 


1  K  *•  K 

5.,  =  —  (jk)2  A(k)  -  (jk)  A(k)  - -  cos  2a 

11  2x  4s 

1  2  k  -  < 

5.,  =  —  (Jk)*  A(k)  *  (jk)  A ( k )  -H- -  cos  2a 

11  2s  4s 

K  -  K 

S01  *  (jk)  A ( k )  — - -  Sin  2a  *  $l9 

dl  4*  u 


(5) 

(6) 

(7) 


where  A(k)  is  the  Fourier  transform  of  A(t),  k  is  the  wave  number,  and  a  is  the  polarization  angle  (Figure 

1). 

Note  that  from  Eqs.  (5-7),  a  phase-curvature  relationship  [6]  can  be  arrived  at: 


(8) 


A  special  case  of  Eq.  (8)  in  which  a  =  0  or  n/2  occurs  when  the  incident  linear  polarization  coincides 
with  one  of  the  principal  directions  at  the  specular  point,  implying  that  there  is  no  depolarization  of 
the  energy  in  the  backscattered  direction. 


The  recovery  of  curvature  difference  in  Eq.  (8)  is  not  practical  since  it  requires  accurate 
measurements  of  relative  phase,  yet  the  extension  of  Eq.  (8)  to  the  bistatic/dielectric  case  and  the 
relative  phase  difference  ^ i ^  have  becorne  important  in  remote  sensing. 

To  apply  Eqs.  (5-7)  to  Huynen's  descriptors,  which  are  based  on  Mueller's  matrix,  the  relation 
between  t  .e  scattering  matrix  elements  and  the  Mueller  matrix  elements  must  be  investigated. 


IV.  THE  SCATTERING  MATRIX  AND  THE  MUELLER  MATRIX 


scattering  matrix  [S]  can 

be  defi 

[ES]  = 

[S][E 

[S]  • 

SVV 

SVH 

.  SHV 

SHH  . 

(9) 


The  matrix  [S]  contains  two  co-pol ari zed  elements  and  two  cross-pol aci zed  elements.  In  the  mono¬ 
static  backscattering  case,  =  SHV  by  reciprocity  of  the  propagation  in  an  Isotropic  medium.  The 

subscripts  V  and  H  denote  a  pair  of  orthogonal  polarization  bases  (e.g.  H  -  horizontal,  V  -  vertical). 
Properties  of  the  relative  phase  scattering  matrix  [S]  were  investigated  in  the  pioneering  studies  of 
Kennaugh  [II]  used  and  further  interpreted  by  Huynen  [7],  as  summarized  In  Boeder  [2], 


The  voltage  induced  at  the  receiving  antenna  Is  given  by: 

Vr  -  [S][E* )*[Er]  (10) 

in  which  [Er]  is  the  polarization  vector  of  the  receiving  antenna.  The  power  received  is  given  hy: 

Pr  ■  [M]g[E* ]*h(£r]  (11) 

in  which  gfE1]  and  h[Er]  are  the  Stokes  vectors  of  [E1]  and  [Er]  respectively,  and  [M]  denotes  the  4x4 
Mueller  matrix.  The  elements  of  [M]  and  [S]  are  related  through  Huynen's  algebraic  approach  [8],  in  which 
[S]  is  represented  by  algebraic  variables  a,  b  and  £,  as  follows: 


L  c. 


In  [8],  [M]  is  given  as: 
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[M3  = 


r  A 

'  0  o 

F 

C 


A  +B„ 

0  <J/ 


A-B ,  , 
o  *  J 


A0  -  -  III 


B0  *  -  <|b|2  ♦  l£|2) 


B,  *  -  (|b|2  -  |c|2) 


(13) 


c*  ♦ 

E,t  ♦  jf  ■  b  c* 

\  *  JG.J,  *  £  c* 


(with  *  denoting  conjugation) 

and  now  using  Eqs.(9),  (12)  and  (13)  for  the  purely  coherent  case,  the  Huynen  descriptors  are  expressed  in 
terms  of  the  elements  of  [S]  as  follows  [8]: 


1/3(|SVV|2  ♦  |$HH|2  +2|Svy| |SHH|cos*B) 

(14a) 

1/8(|SVV|2  *  |SHH|2  -2|Syvl |SHH|cos*B) 

*  2|SHV*2 

(14b) 

1/8(|SVV|2  ♦  |SHH|2  -2|SvvI|Shh|cos«b) 

-  2^1  SHV  ^ 

(14c) 

1/A(|SVV|2  -  |SHH|2) 

(14d) 

l/2( |Svy| |SHH|s1n*B) 

(He) 

if  -  l/2(|SvvMSJe-j*S)|SHV[eJ>A 

(14f) 

=  l/2( |Svyl  *  |SHH|e-J»8)|SHV|ej*A 

(Mg) 

where  v’Sh  dnd  *BS*VV~*HH*  the  *'s  be1n9  the  corresponding  relative  phases  of  the  elements  of  [s]. 

In  Huynen  [7],  the  sum  A0+BQ  is  considered  as  a  rough  measure  of  half  the  total  power  in  the  wave 
returned  from  the  target.  Aq  is  associated  with  regular,  smooth,  spherical  types  of  surface  scattering, 
which  contributes  to  specular  returns  such  as  from  a  sphere.  Bq  may  be  considered  as  a  measure  of  all  the 
target's  non-symmetric,  irregular,  rough-edged,  non-spherical  depolarizing  components  of  scattering,  C 
is  related  to  oblongity  and  F  to  helicity. 

If  the  specular  region  is  smooth  and  convex,  and  if  the  incident  field  is  along  one  of  the  principal 
directions,  then  the  cross-component  |SHV(  =  0  [6],  and 


(IS) 


E*  *  E  ■  ■  H*  ■  0 


In  particular,  in  the  simple  case  of  a  sphere,  and  B,  vanish  because  of  symmetry.  In  contrast,  for  an 

ellipsoid-like  target,  a  non-zero  value  for  B  is  expected.  Thus  B  may  serve  to  discriminate  between 
spherical  and  ellipsoidal  targets.  0  y 

V.  INTERPHETAT ION  OF  HUYNEN'S  DESCRIPTORS  IN  TERMS  OF  SPECULAR  CURVATURES 

By  substituting  Eqs.  (5-7)  in  Eq.  (14),  the  Mueller  matrix  descriptors  can  he  written  as  [5]: 

,  4 

.2 


I  k 

A  = - 

0  a  2 


|A(k)|‘ 


(16) 


.’4' 


B  |A(k,|2( 

8  it2  \  2k  ' 

,  4  ,  ,  K  -<  \ 

B.„  •  i£r  |A(k)|2M-^  C0k4a 
v  8  n2  \  2k  ' 


H  0  ,  K  -K  v 

D  .  dL.  ,A(k)|2  p-^ 

4i2  '  ?k  1 


E  =  |A(k)|2j  — - — w)sin4.i 

"  tW2  2K  ' 


tt  =  —  |  A(  k )  |  2  (  ^jsi  n2a 
'  4l2  '  ?K  / 


(17) 

(18) 

(14) 

!?()) 

(21) 


C  ,  F,  ♦  0  witn  increasing  frequency  (22) 

It  is  now  obvious  here  that  SQ  is  a  measure  of  non-spherical  symmetry,  and  hence  serves  to 

di fferentiatp  between  spherical  and  non-spherical  target  shapes.  The  orientation  invariance  of  BQ  as 
shown  by  Eq.  (17)  enhances  its  practicality. 

The  high  frequency  assumption  (equivalent  to  the  specular  reyion  contributions  only)  is  already  implied  in 
this  i nterpretat ion  of  the  Hwynen  descriptors,  as  Eqs.  (5-7)  are  derived  on  the  assumptions  of  leading 
edge  (high  frequency)  conditions. 

It  :an  be  observed  that  Eqs.  (Ha  to  14g)  do  not  explicitly  show  the  frequency  dependence  of  the  des¬ 
criptors,  whereas  Eqs.  (16-21)  do.  Morever,  in  [4]  it  has  been  shown  that  A(k)  takes  the  functional  form 

of  —  in  the  case  of  ellipsoids  for  large  values  ot  k.  Consequently,  all  tne  descriptors  except  A 
K2 

eventually  tend  to  zero  with  increasing  frequency.  This  is  not  surprising  as  the  target  then  virtually 

looks  like  a  flat  plate,  (specular  ‘'patch"),  and  there  is  no  polarization  dependence  in  the  optical  re¬ 
gion.  It  is  conjectured  that  tnese  arguments  can  he  extended  to  any  target  with  smooth,  convex  specular 
sections . 

The  target  orientation  explicitly  appears  in  the  form  of  the  polarization  angle  a.  Ay  and  R^,  which 
are  related  to  total  power,  are  orientation  invariant.  Ot.ier  orientation  invariances,  namely,  B*  ♦  E‘ 
and  D*  ♦  ,  are  also  separately  satisfied  as  required  in  [7],  It  is  important  to  note  tnat  target 

orientation  with  respect  to  polarization  basis  directions  can  be  recovered  practically  and  accurately  by 

taking  the  ratios  B./B  and  E,/B„ 

4<  o  l>  o 


cos4a  =  B./Brt  ,  or  (2i; 

o 

Sin4a  =  E,/B„  (24; 

A  smooth  convex  scatterer  can  be  roughly  modeled  as  a  combination  of  two  scattering  centers,  one  at 
the  specular  region,  which  gives  rise  to  the  specular  return,  and  the  other  being  the  creeping  waves  which 
circumnavigate  and  return  energy  characteristic  of  their  paths.  At  low  resonance  frequencies,  the  con¬ 
tributions  of  both  the  specular  return  and  the  creeping  wave  return  are  comparable  and  interfere  with  each 
other.  This  interference  masks  correlation  between  fine  geometry  and  Huynen's  descriptors.  The  correla¬ 
tion  between  the  specular  geometry  or  orientation  and  the  Huynen's  descriptors  at  very  high  frequencies  is 
expected  to  be  good.  This  is  because  at  high  frequencies,  it  is  known  that  the  creeping  waves  decay  and 
the  specular  return  dominates  the  backscattered  signal.  In  order  to  extract  the  specular  geometry  infor¬ 
mation,  it  is  thus  suggested  that  the  specular  contribution  and  the  creeping  wave  contribution  in  the 
total  backscattered  signal  be  separated.  A  method  for  such  separation  will  be  discussed  next,  and  will  be 
applied  to  the  bandlimited  measured  data.  Based  on  the  separated  specular  data,  which  are  approximately 
equivalent  to  high  frequency  data,  Huynen's  descriptors  will  be  computed,  and  the  results  will  be  compared 
with  the  theoretical  predictions  of  Eqs.  (16-22). 

VI.  SEPARATION  OF  THE  SPECULAR  RETURN  AND  NUMERICAL  RESULTS  [5] 

The  purpose  is  to  decompose  the  measured  scattering  matrix,  which  is  in  the  frequency  domain,  by 
time-gating,  into  the  specular  component  and  the  creeping  wave  components.  For  the  simple  canonical 
shapes  of  the  sphere  and  the  ellipsoid,  complete  scattering  matrix  data  are  available  from  the  Electro- 
Science  Laboratories  at  the  Ohio  State  University  (ESL-OSU)  [13].  In  general,  the  data  consist  of 
amplitudes  and  phases,  from  1  to  12  GHz,  in  steps  of  10  MHz,  with  different  aspect  angles. 


:it  i 


The  range  of  the  spectrum  of  a  "first  derivative  Gaussian"  pulse  (functional  dependence:  gte~^  )  is 
made  to  coincide  with  that  of  the  measured  data,  by  adjusting  the  narrow  pulse  width.  By  multiplying  the 
pulse  spectrum  with  the  measured  complex  spectrum  and  inverse  Fourier  transforming  the  product,  the  specu¬ 
lar  return  and  the  creeping  wave  return  are  distinctly  separated  in  the  time  domain,  provided  that  the 
first  derivative  Gaussian  (FOG)  pulse  is  sufficiently  narrow  relative  to  the  target  size.  Either  returns 
can  thus  be  time-gated.  Fourier-transformed,  and  finally  divided  by  the  spectrum  of  the  FOG  pulse  to  form 

new  elements  of  the  separated  [S].  Obviously  for  very  broadband  measurements,  the  FOG  pulse  is  very  nar¬ 
row  relative  to  the  target  size,  and  hence  the  creeping  wave  has  a  large  delay  with  respect  to  the  specu¬ 
lar  return,  so  that  the  time-gating  process  becomes  trivial.  In  practice,  measurements  can  ne  band- 

limited,  and  the  target  can  be  small,  and  partial  overlapping  may  occur  for  the  creeping  wave  and  specular 
returns  in  the  time  domain.  Yet  by  locating  the  transition  point  in  the  overlapping  reyion  through  the 
approximate  knowledge  of  the  "space  width"  of  the  interrogating  pulse  (~  pulse  width  *  free  space  propa¬ 
gation  velocity)  and  the  creeping  wave  path  length,  reasonably  good  results  have  been  obtained  by  this 
technique.  Figure  2  corresponds  to  the  former  case  (very  broadband  data),  in  which  ka  ranges  from  0.8  to 
9.5  (1  to  12  GHz),  where  a  is  the  smallest  semi-axis  of  the  ellipsoidal  target;  the  semi-axes  are  6":  3": 
1.5" .  Nose-on  aspect  and  vertical  polarization  data  were  taken  in  this  case. 


The  separated  co-polarized  specular  contribution  is  depicted  in  Figure  3.  Oue  to  the  nature  of  the 
deconvnl ut ion  involved  in  the  signal  processing,  the  end  portions  are  not  accurate.  However,  other  than 
the  end  frequencies,  the  whole  range  shows  that  the  amplitudes  are  steady  in  general.  The  r.-asoo  is  that 
with  the  creeping  wave  removed,  the  target  behaves  as  if  it  were  the  specular  portion,  which  'esembles  a 
small  flat  plate.  Therefore,  there  is  less  frequency  dependence  at  low  frequencies  than  if  the  data  were 
not  processed.  Thus  the  separation  technique  enables  equivalent  high  frequency  information  to  he 
approximated  from  low  frequency  bandlimittj  measurements. 

the  other  component  of  fS],  due  to  creeping  wave  contributions  only,  is  shown  in  Figure  4.  Once 
again,  the  end  portions  are  not  accurate,  but  the  whole  ranye,  in  general,  is  in  accordance  with  the  fact, 
tnat  the  creeping  waves  decay  as  the  frequency  increases.  Figure  5  shows  that  the  two  components  add  up 
to  the  original  measured  scattering  matrix  [S]  for  the  case  of  horizontal  pol ari zation .  At  high  frequen¬ 
cies,  the  measured  [S]  approaches  the  specular  [$].  Obviously,  if  tne  Huynen  descriptors  are  computed 
with  neasured  [S]  at  low  frequencies,  the  fluctuations  in  contrast  to  the  steady,  flat-plate  behavior  at 
high  frequencies  will  not  lead  to  an  observable  correlation  with  the  target  specular  geometry. 

VII.  APPLICATION  OF  SPECULAR  fS]  [5] 

( i  )  Comparison  between  the  experimentally  processed  an.] 
theoretically  calculated  target-descriptors 

The  target -descriptor  Mueller  matrix  elements,  noma1 1  zed  with  respect  to  A  ^ ,  are  computed  from  the 
specular  TS]  using  the  expressions  given  in  Eq.  {14 i.  For  instance,  3  /4^  values  are  compared  with  the 

corresponding  theoretical  values  calculated  using  fqs.  [ to  ( 2 ?)  and  are  shown  in  Fig.  6(i).  The  scat¬ 
tering  geometry  used  for  these  data  involves  broadside  plane  wave  incidence  on  a  conducting  ellipsoid  of 
semi-axes  6"  ;3" :  l.S" ,  with  the  polarization  angle  i-301'.  Tne  agreement  between  the  theoretical  and 
experimental  results  in  Fig.  6(i)  is  good  and  acceptable.  It  is  emphasized  here  that  the  theoretical 
values  are  derived  from  high  frequency  assumptions,  thus  as  the  frequency  increases  the  difference  between 
the  theoretical  and  experimental  results  decreases. 


( i i )  A  as  a  measure  of  specular  size 

Since  Aq  is  approximately  related  to  the  vector,  i.e.,  involving  two  orthogonal  polarizations ,  specu¬ 
lar  return,  larger  values  of  Aq  are  associated  with  larger  sizes  of  the  specular  region.  This  is  verified 
by  comparing  Aq  of  a  sphere  of  diameter  1.5"  and  Ao  of  an  ellipsoid  of  the  semi-axes  for 

nose-on  incidence  {Figure  7). 


( i i i )  Bq/Ao  as  a  measure  of  electric  specular  curvature  difference 
From  F.qs .  (16  and  17), 


(25) 


The  normal i zation  of  B„  with  respoct  to  A  is  introduced  to  remove  the  factor  A(k).  At  any  rate,  or 
o  r  o  o 

Bq/Aq  should  be  zero  for  a  sphere,  and  should  deviate  from  zero  for  ellipsoidal  targets.  In  Figure 

6 ( i  l )  ,  the  values  of  8  /A  are  plotted  for  the  ellipsoid  of  6":  3":  1.5".  with  nose-on  incidence, 
oo 

The  specular  curvature  difference  K^-k^  .1°  this  case,  is  78.74  per  meter  as  computed  from 

Minkowski's  support  functions  [4].  In  Fig.  6(ii),  the  theoretical  values  predicted  by  F.q.  (25)  is  also 
compared  with  the  measured  values,  showing  good  agreement  at  high  frequencies.  At  low  frequencies, 

Eq.  (25),  based  or.  the  high  frequency  leading  edge  assumption,  does  not  hold,  and  thus  causes  discrepan¬ 
cies.  Again,  at  the  nigh  frequency  end,  the  deconvolution  process  introduces  inaccuracy  of  3Q/Ao  computed 
from  the  specular  [$].  ' 

The  B  /A  curve  for  the  case  of  broadside  incidence  (a  =  30°)  on  the  above  ellipsoid  has  been  given 

in  Fig.  6{i).  There  the  agreement  between  the  theoretical  predictions  and  the  processed  measurement  data 
is  excellent.  This  clearly  indicates  that  the  correction  term  added  to  the  physical  optics  in  Eq.  (4) 
bolds  more  accurately  for  smaller  curvature  difference  at  the  specular  point  (for  Fig.  6(1),  K  -K  -  49.21 
per  meter) . 
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Orientation  recovery  from  B  /B„  or  E  /B„ 


In  some  of  the  measurement  data  described  so  far,  the  incident  field  is  along  one  of  the  principal 
directions  of  the  ellipsoid.  Under  such  circumstances  the  cross-polarized  element  of  [S]  is  zero  provided 
the  target  is  sufficiently  smooth  so  that  finite  principal  curves  exist  at  the  specular  point.  On  the 
other  hand,  if  the  incident  field  is  not  along  one  of  the  principal  directions,  then  the  cross-pol ari zed 
elements  are  non-zero,  and  the  orientation  can  be  recovered  using  Eq.  (23)  or  Eq.  ( 24 ) .  In  Fig.  8,  both 
values  of  computed  from  Eqs.  (23)  and  (24)  are  shown  separately,  and  match  the  value  of  the  polarization 
angle  set  up  in  the  ESL-OSU  measurement  arrangement.  The  conditions  in  which  neasu remen ts  were  made  are 
the  same  as  those  of  Fig.  5(i). 


VIII.  CONCLUSIONS 

The  target  descriptors  are  related  to  specular  geometrical  information  such  as  specular  size,  curva¬ 
ture  difference  and  orientation.  Although  the  discussion  in  this  paper  is  restricted  to  smooth,  convex 
objects,  the  proposed  time-gating  technique  can  be  applied  to  a  certain  class  of  objects  with  one  or  none 
specular  regions  which  may  include  edges,  or  wedges,  etc.  Each  specular  region  serves  as  a  scattering 
center  to  interfere  with  others,  but  the  response  of  each  center,  time-gated  out  of  the  total  time-domain 
return,  should  provide  Mueller  matrix  target  descriptors  characteristic  of  its  geometry.  Thus  objects  of 
complex  shapes  may  be  studied  through  modeling  and  decomposition  into  simpler  scattering  centers;  and 
separately  for  each  scattering  center,  the  target  characteristic  polarimetric  operators  must  be  analyzed 
for  the  object  classification  and  identification  algorithms. 


The  creeping  wave  component,  which  can  be  isolated  by  the  separation  technique  described,  should 
deserve  more  investigation  in  the  future  as  it  certainly  contains  information  about  the  geometry  within 
the  shadow  region.  This  mul ti frequency  inverse  scattering  approach  requires  a  broadband  measurement .  Not 
only  broadband  measurements  are  required,  but  also  the  phases  in  the  scattering  matrix  must  be  coherent 
and  as  accurate  as  possible  to  enable  curvature  differences  to  he  determined  correctly.  In  contrast,  the 
orientation  angle  has  been  quite  accurately  determined  with  the  existing  ESL-OSU  data.  By  knowing  the 
curvature  difference  sufficiently  accurately,  the  target  profile  can  be  reconstructed  through  the 
application  of  differential  geometry  [3]. 
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DISCISSION 


Y.Brault 

In  your  paper  you  meniion  the  influence  of  R.F.  frequency  upon  the  disclosing  of  the  geometrical  structure  ol  the  target. 

You  even  talked  about  the  resonant  frequency  for  a  specific  target. 

( 1 )  Can  you  comment  on  the  R.F.  frequencies  which  will  be  best  matched  to  the  size  of  a  specific  target  to 
achieve  the  best  recognition? 

(2)  Do  you  feel  that  a  frequency  scanning  will  be  required  when  multiple  targets  of  different  size  will  be 
encountered? 

Author’s  Reply 

Please,  refer  to  paper  by  Mr  L.  A. Cram.  NATO-ARW  IMF-I- 1  983/  Proceedings  and  also  to  papers  by  Dag  T.Gjessing. 

Torleif  Orhangand  Andre  J.Poelman.  ’Target  imaging  ". 

( 1 )  Radar  targets  of  finite  closed,  but  arbitrarily  complicated  structure  (e.g.  helicopter)  all  possess  eigen 
resonances  which  are  independent  of  aspect  and  polarization  (SF.M.  TFF-methods).  See  Gjessing’s  books 
papers. 

(2)  Yes.  absolutely!  Best  ranges  for  current  aircraft  sizes  8  to  18  GHz/20—24  GHz/38—46  GHz  60— 63  GHz 
92—98  GHz.  In  each  “spectral  window"  are  different  target  problems,  target  size  shape  exhaust  plume 
properties,  detection  of  detailed  substructures.  See  papers  by  Lend  Gjessing. 

(3)  Important  for  target  in  clutter  detection  “unproved  and  more  logical  clutter  description". 


2>-\ 
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by 
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SUMMARY 

Electromagnetic  scattering  at  distances  remote  from  a  complex-shaped  object,  at  high  frequencies 
(Physical  Optics /Geometric  Optics),  is  dominated  by  certain  specular  components  which  are  highly  bistatic 
aspect  and  multi  frequency  dependent.  The  locations  of  these  specular  points  on  the  complex  object  are 
known  as  the  scattering  centers.  Generation  of  these  scattering  centers  is  dependent  on  the  local  geom¬ 
etry  and  local  material  in-depth  decomposition  of  the  object  with  respect  to  the  aspect  directions  of  the 
transmitter  and  receiver  locations  (monostatic  as  well  as  bistatic  cases).  The  knowledge  of  the  locations 
and  the  local  geometries  plus  underlying  material  decomposition  of  these  scattering  centers  can  be  useful 
in  developing  air-target  discrimination/identi f ication  algorithms.  Based  upon  this  existing  available 
basic  multistatic  scattering  formulation,  which  is  highly  polarization-dependent ,  a  basic  vector  inverse 
scattering  model  can  be  developed  to  recover  these  scattering  centers  from  poly-(bi )-static  pol arimetric 
(bistatic  scattering  matrix)  signatures  which  then  may  be  used  to  formulate  target  classification,  imaging 
and  identification  algorithms. 

The  approach  adopted  in  this  investigation  is  based  on  the  solution  (direct  problem:  analysis)  to 
the  general  poly-(bi )-static  high  frequency  isolated  scattering  center  recovery  problem.  Once  this  direct 
model  solution  (analysis)  is  established  and  verified  with  the  analytically  model -generated  and  measured 
model  test  data,  it  is  used  as  a  building  block  toward  the  following  more  complicated  inverse  problems 
(synthesis)  for  the  following  realistic  situations: 

Analysis:  A.l  Multiple  distributed  scattering  centers:  no  interaction  between  the  centers 

(Direct  Problem)  using  multi-(bi  )-stat ic  and  monos  tat ic  scattering  matrix  input  data. 

Analysis:  A. 2  Multiple  distributed  scattering  centers:  one  or  more  interactions  between  the 

scattering  centers  (bi/di-hedrals,  cones,  flat  plates,  dipoles,  left/right 
helices,  semi-spherical /cone  nose  and  afts,  wings  and  fins,  etc.  of  an  air 
target);  poly-(bi )-static  and  monostatic  input  data. 

Synthesis:  B.l  Scattering  center  recovery  with  aspect/frequency  restricted  measurements  for 

(Inverse  Problem)  more  economic/real istic  implementation  (limited  bi/mono-stat ic  aspect  angles, 

narrow  bandwidth,  CW  multi-(bi )-static  angle  data,  etc.)  for  the  development  of 
cl  ass i fi cation/ imaging/identi f ication  algori thms. 

Synthesis:  B.2  Shape/surface  material  decomposition  pattern  recognition  algorithms  based  on 

the  knowledge  of  the  recovered  distribution  of  3-dimensi onal  distributed 
scattering  centers  on  a  complex  shaped  target. 

1  INTRODUCTION 

Electromagnetic  scattering  from  a  complex  object,  at  high  frequencies  (physical  optics,  geometric 
optics),  is  dominated  by  certain  specular  components.  The  locations  of  these  specular  points  on  the 
complex  object  are  known  as  the  scattering  centers.  Generation  of  these  scattering  centers  is  dependent 

on  the  geometry  of  the  object  with  respect  to  the  aspect  directions  of  the  transmitter  and  the  receiver 
(general  bistatic  case).  The  knowledge  of  the  locations  and  the  local  geometries  of  these  scattering 
centers  can  be  useful  in  developing  discrimination/identification  algorithms.  Therefore,  a  basic  inverse 
scattering  model  to  recover  these  scattering  centers  from  polystatic  polarimetric  signatures  of  the  target 
is  Investigated  here. 

This  work  deals  with  the  development  of  a  solution  to  the  general  polystatic  high-frequency  isolated 
scattering  center  recovery  problem.  Once  this  model  solution  is  established  it  can  be  used  as  a  building 
block  towards  the  following  more  complicated  and  more  realistic  situations. 

2  PARAMETERS  OF  A  SCATTERING  CENTER 

For  the  electromagnetic  scattering  analysis,  the  isolated  scattering  center  is  modeled  as  a  conduct¬ 
ing  rectangular  flat  plate.  This  tangent  plane  approximation  to  the  specular  region  has  been  used  suc¬ 
cessfully  in  sea  surface  scattering  models  (Barrlck  and  Peake,  1968;  Kwoh  and  Lake,  1983). 

The  geometry  of  a  scattering  center  with  respect  to  a  given  coordinate  system  is  shown  in  Fig.  1. 

In  this  figure  n  denotes  the  unit  normal  to  the  scattering  center.  The  vector  location  of  the  scattering 
center  with  respect  to  the  fixed  reference  coordinate  system  is  given  by  d.  The  vector  sides  s.(*s.a  ) 

1 

and  )  determine  the  local  geometry  of  the  scattering  center,  and  they  point  In  the  directions  of 

2 

the  principal  curves  of  the  scattering  target  at  that  specular  point.  The  magnitudes  of  and  Are 


indicative  of  the  radii  of  the  curvature  of  these  principal  curves.  Determination  of  n,  s^,  s^,  d  from 

the  multistatic  polarimetric  scattering  matrix  (with  plane  wave  incidence)  data  in  the  context  of  the 
present  work  is  known  as  the  "scattering  center  recovery"  problem. 


Fig.  1:  Scattering  Center  Geometry 

3  COORDINATE  SYSTEM  FOR  BISTATIC  POLARIMETRIC  SCATTERING  DATA 

There  is  a  certain  ambiguity  associated  with  the  measurement  of  the  scattering  matrix  by  a  bistatic 
radar  system.  In  the  monostatic  case,  the  transmi t-recel ve  antenna  polarizations  are  defined  in  the  same 
system  of  coordinates.  The  bistatic  configuration  implies  physical  separation  of  the  transmit  and  receive 
antennas,  therefore,  requiring  two  separate  coordinate  systems  to  define  the  antenna  polarizations.  In 
such  a  case,  the  idea  of  common  transmlt-recei ve  antenna  polarization  has  no  physical  meaning,  and  must, 
therefore,  be  given  an  artificial  definition,  based  on  the  scattering  matrix  [S],  By  choosing  a  fixed 
global  spehrical  coordinate  scheme,  the  transmitter  and  the  receiver  polarization  basis  vectors  can  be 
defined  consistently.  At  each  location  the  orthogonal  polarization  basis  is  given  by  the  spherical  unit 

vectors  &Qt  and  a^,  at  that  point.  Thus  the  transmitter  polarization  is 


and  the  receiver  polarization  is 


Now  the  bistatic  scattering  matrix  [SJ,  is  defined  as: 


The  elements  of  the  bistatic  scattering  matrix  (BSM)  above  are  complex  and,  in  general,  the  matrix  is 
not  symmetric,  i.e.,  t  SQ(>  (Davidovitz  and  Boerner,  1983;  Davidovitz,  1983).  Thus  a  total  of  eight 

parameters  are  required  to  give  the  complete  bistatic  scattering  matrix  (seven,  if  only  the  relative 
phases  are  of  Interest), 

Two  other  conventional  choices  of  the  coordinate  systems  for  BSM  measurements  have  been  used  by  Peake 
and  Oliver  (1971)  and  Heath  (1983),  respectively.  The  system  used  by  Peake  and  Oliver  is  shown  in  Fig.  2. 

There,  the  two  orthogonal  polarization  states  are  specified  by  ( i )  the  horizontal  components  ih 

v  h 

x-y  plane  perpendicular  to  k^  and  k^,  respectively;  and  (ii)  the  vertical  components  s  *  k^-  and 

*  k^.  From  this  description  it  is  clear  that  (j>^,  £*;  £^,  ]/)  are  the  same  vectors  as  (a^  ,  a^  ; 

a.  ,  a0  )  introduced  in  the  previous  paragraph.  Therefore,  the  coordinate  system  proposed  here  is  essen- 
r  r 

tially  the  same  as  the  one  used  by  Peake  and  Oliver  (1971). 

The  coordinate  system  used  by  Heath  (1983)  defines  the  vertical  polarizations  as  the  direction  normal 
to  the  plane  formed  by  k_^  and  k^,  i.e.,  £*  and  £^  are  same  directions,  and  the  horizontal  polarization  is 

in  the  plane  of  k ^ ,  k^  and  normal  to  £*  and  ,  £^  and  k^,  respectively.  This  system  is  useful  only  for 

♦he  bistatic  cases;  for  polystatic  cases,  since  the  planes  defined  by  k^  and  k_^  correspondl ng  to  different 
receiver  directions  will  generally  be  different,  one  cannot  define  a  consistent  polarization  basis  for  the 
whole  problem.  Thus,  for  the  present  application,  this  coordinate  system  is  not  recommended. 


Fig.  ?:  Bistatic  Scattering  Matrix  Coordinate  System 


4  DERIVATION  OF  THE  BISTATIC  SCATTERING  MATRIX  (HSM) 

To  obtain  the  B$M  of  the  geometry  in  Fig.  2,  first  the  physical  optics  approximation  is  used  to 
obtain  the  induced  current  oa  the  flat  plate.  This  is  done  for  a  given  direction  of  incidence  with  the 
transmitter  polarization  in  a0  (or  a  )  direction.  Next,  these  induced  surface  currents  are  used 
u  <j> 

i  i 

in  the  scattered  far-field  integral  to  obtain  the  vector  scattered  field  at  the  receiver  location. 

Finally,  this  vector  scattered  field  is  decomposed  to  construct  the  elements  of  the  RSM.  These  analytical 
expressions  are  in  terms  of  the  scattering  center  geometry  parameters  n,  s,,  sol  and  d.  Therefore,  these 
relations  can  he  useful  in  inverse  scattering  applications. 


-r 


From  electromagnetic  theory,  the  induced  surface  current,  J. ,  on  the  conducting  flat  plate  model  of 
the  scattering  center  is  given  by 


=  2n*H.  -  (n  *  / 


J's 


*  V  Gds'  ) 


(1) 


where  is  the  incident  magnetic  field.  S'  is  the  surface  of  the  scatterer  except  the  observation  point, 

£  and  r_'  are  the  position  vectors  to  the  observation  point  and  the  integration  points,  respectively,  G  is 
the  appropriate  Green's  function,  and  represents  the  surface  current  at  the  integration  patch  ds'.  The 

first  term  on  the  right  hand  side  of  Eq.  (1)  is  the  physical  optics  term  and  the  second  term  represents 
the  interaction  between  the  currents  at  the  various  points  of  the  scatterer.  In  the  physical  optics  (high 
frequency)  formulation,  the  interaction  term  is  assumed  to  be  small,  and  only  the  first  term  is  retained 
for  obtaining  J^. 

The  contribution  to  the  radiation  fields  from  the  electric  surface  current,  is  found  by 
evaluating  the  magnetic  vector  potential 


//  i 


4  nr 
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where,  as  shown  in  Fig.  3,  $  denotes  the  surface  of  the  scatterer,  and  k  =  ?n/X,  X-wavelength  of  the 
operating  frequency;  this  means  k^»kk.,  and  ks=kks*  The  far-zone  scattered  electric  field  is  found  from 
the  components  of  — 

E^  3  -j'*>uA.  (3 

For  a  general  formulation  of  the  scattering  problem  one  should  also  consider  the  electric  vector 
potential  F_,  which  is  associated  with  the  magnetic  current  density.  In  the  present  case,  however,  F=0, 
since  the  magnetic  current  density  on  a  perfect  electric  conductor  is  zero  (tangential  electric  fieTd 
boundary  condition). 

Using  physical  optics  formulation  (J^=2n*Hj)  one  can  now  write 
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Fig.  3:  Geometry  for  Calculating  Vector  Potential 


If  the  components  of  Q  in  a$j  and  a^  directions  are  written  as  Q$1  and  Q^*  respectively,  then  using 
Eqs.  (3)  and  (4),  the  far  scattered  field  is  written  as 


J k”  V-f  CQ' 


sAl  '  ,5slasZ]’ 


(6) 


where  r\  is  the  characteristic  impedance  of  the  propagation  medium.  In  deriving  Eq.  (6)  use  has  b*en  made 
of  the  fact  that  a^,  a^*  n  form  an  orthogonal  unit  vector  basis  (unitary  matrix). 

ELEMENTS  OE  THE  BSM 

In  the  global  fixed  spherical  coordinate  system  of  this  work,  a  general  polari2ation  of  the  electric 
field  associated  with  an  Incident  plane  wave  is  represented  by 


o(Ert 


*i  *i 


(7) 


In  order  to  calculate  the  elements  of  the  RSM  one  considers  two  special  cases  of  Eq.  (7).  In  one  case. 
Eg  =  0,  which  yields  the  S>0  and  elements  of  the  BSM.  To  obtain  the  remaining  two  elements  (SQ^  and 

SQ0)  of  the  BSM,  one  considers  E ^  a  0.  The  detailed  calculations  are  as  follows: 


(a) 


n. 


*'  [e-Jk|rr?i+Jkkc-r'] 

*i 


Using  the  plane  wave  equations,  the  corresponding  magnetic  field  is  given  by 


[<,-Jki!:r-|*Jkki,-'j 


(8) 


With  Eq.  (8)  describing  the  incident  magnetic  field  on  the  scattering  geometry  of  Fig.  1,  the  integral  in 

Eq.  (5)  is  used  to  obtain  the  corresponding  components  of  the  ^  vector  in  tne  directions  a  .  and  a 
These  are 
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* 

si 


Q 


♦ 

s  2 


■  HslV?  5inc 

r  k  +k .  1 

sine 

)-i?] 

=  Hs2s1s2  s*nc 

rk 

Pr^J 

|  sine 

'ft- 

-here  M®,  •  •  a',,,  and  =  H9<  •  a$2  . 

"  1  k  r 

Now,  by  using  Eqs.  (6)  and  (9)  one  obtains  the  normalized  (w.r.t.  jkhe  J  !2*r)  co-  and 
cross-polarized  signals  at  the  bistatic  receiver  site  as  follows: 


0sVas2 
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(9a) 

(9b) 


(10a) 


1 10b) 


S#0  *  E()s[n1(sinOscos9(5tn*)  -  cos  0s$  ino.  sin  »s) 
+  n.,(cos9scos*ssin8.  -  sin^cos^cos^  ) 

♦  n^cos  Q^cos  9.  si  n(  ^  -  «5)] 


(18) 


s 


*  ‘E0s^nlcos*ss1n91  +  n^s i n ^si n ei  ♦  n^os^cost^  -  ^)] 


(19) 


Here  (0.,  $ . ) ,  (6^,  are  the  spherical  coordinate  representations  of  the  k.  and  k  f  respectively. 
Eq.  (17)  one  gets 

_  _  t  1  A  9$ 

n3 

Using  Eqs.  (16)  and  (17),  and  Eqs.  (19)  and  (17),  the  following  two  equations  are  obtained 


F  rom 


(20) 


n.sin$j  ♦  n.cos^ 
n.cos^  ♦  n»sin^ 

«Uh  Rs 

and  K, 

0 


SM  ~  VosVoti  W 

SI  no 


(21 ) 
(22) 


(22) 


Solving  Eqs.  (20),  (21),  and  (22)  for  n,  one  gets 

i  V°'*s  *  Vl0*f 

"i  '  r0s  ‘  cos(<(  ♦  ,sj 


(23a) 


V04*i  ‘  V’n*s 

s 


i 

EUS  '  s,n[V*r> 

By  inspecting  Eqs.  f  ?<))  to  (23).  it  is  clear  that  the  solution  given  in  Eq.  (23)  is  valid  with  the 
conditions, 


(?3h) 


(23c) 


@s  i  0  or  i  . 


The  first  of  the  two  conditions  rules  out  the  usp  of  the  monostatic  scattering  matrix  (MSM)  as  a 
special  case  of  the  B$M  in  obtaining  the  solution  in  Fq.  (23).  The  second  condition  is  expected  because, 
9^,  9^=0,  or  n  represent  a  radar  site  at  the  poles  (north  or  south,  respectively)  of  the  fixed  spherical 

coordinate  system.  At  these  two  points  and  a^  directions  are  not  defined  uniquely,  and  consequently 
the  mathematical  representation  of  the  system  breaks  down. 


In  the  solution  given  in  Eq.  (23)  the  factor  E^ ,  as  noted  earlier,  is  still  unknown  from  the  radar 
measurables,  S0Q,  $Q^,  and  S^.  To  determine  E^ ,  the  expressions  in  Eq.  (23)  are  substituted  into 
the  condition 


This  gives 


| o |  *  1,  i.e.,  n^  ♦  n^  ♦  =  1. 

j  H'H  * 

I  cos2(,i‘«s)  1  Sfn2(*.-»s) 


(24) 


The  t  sign  of  from  Eq.  (24),  substituted  into  Eq.  (23)  will  simply  result  in  two  anti-parallel 

solutions  t  n,  which  is  inconsequential .  If  it  is  essential,  then  the  proper  sign  of  En  in  Eq.  (24)  can 
be  decided  by  using  the  condition 

n  •  k  j  <  0  . 

(t  is  interesting  to  note  that  if  one  attempts  to  use  the  MSM  for  the  recovery  of  n  by  substituting  k  * 
(i.e«.  *  0$.  *  05)  into  Eqs.  (16)  to  (19)  one  obtains: 


see  *  -s*»  '■  se*  =  s»9  =  0  (when  W  ♦(=♦,) 

Obviously,  now  these  elements  of  the  scattering  matrix  cannot  be  used  for  the  recovery  of  n.  Th?;,  in  the 
opinion  of  the  authors,  is  a  clear  demonstration  of  the  usefulness  of  the  BSM  in  the  target  recovery 
probl ems . 

Another  interesting  situation  is  the  special  case  of  the  BSM  where  $-=4>s=<j>,  hut  .  This  means 

that  the  transmitter  and  the  receiver  are  placed  along  a  polar  great  circle  of  the  spherical  coordinate 
system  (therefore  it  can  be  referred  to  as  the  vertical  stacking).  For  this  configuration,  from  Eqs.  (17) 

and  (18),  we  find  that  Sft  =0,  but  SiQ^0.  This  is  expected,  since  now  a,  =ax  ,  and  a.  /a%  ,  which  means 

U<P  VO  ‘Pj  o.  0^ 

half  the  polarization  basis  is  like  that  for  MSM  and  the  other  half  follows  the  general  definition  given 
for  BSM  in  Fig.  2. 

For  the  vertically  stacked  configuration,  the  nonzero  elements  of  BSM  in  Eqs.  (16),  (18),  and  (19) 
reduce  to  the  following  (S0.*O): 


=  EQs[njSinOscos$  +  n?sin6ssin$  +•  n^cose^ 


EOS"nlsir^0s"0i  ^Sin*  ’  n2sin(0$-fl  .  )cos$] 


”E0stnlsin9icos*  +  r,2sin^sin0i  *  n3cos0i^ 


Solving  Eqs.  (26),  (26),  (27)  for  n  =  (n^,  n?,  n3)  one  gets: 


Soos1net  *  Vin9s 


Once  again,  before  the  solution  in  Eq.  (28)  can  be  useful  E.,  has  to  be  known.  Applying  |n| 
condition  on  Eq.  (28),  the  expression  for  Eg$  is  obtained  as  us 

£<S99  *  S»9  *  SL>  * 


6  RECOVERY  OF  THE  SCATTERING  CENTER  SURFACE  GEOMETRY  (Sj  and  s^) 

in  the  RSM  representation  of  Eq.  (14)  it  is  seen  that  the  information  regarding  s^  and  is 
contained  only  in  the  common  factor  F^.  The  dependence  of  E0s  on  and  is  complicated  due  to  the 

multivalued  nature  of  the  sine  function.  Furthermore,  only  a  partial  information  regarding  s^  and 

k„+k. 

(namely  their  components  in  the  — -  direction,  and  their  scalar  magnitude)  is  contained  in  the  factor 

2 

E0s*  There^ore»  a  straight-forward  recovery  of  the  surface  geometry  from  a  single  BSM  (i.e.  single 

frequency,  single  receiver)  is  not  expected.  Hence,  in  the  following,  this  problem  is  approached  from  two 
viewpoints;  one  with  the  mul ti frequency  BSM  input  data,  and  the  other  with  the  multistatic  (mul ti -recei v- 
er)  single  frequency  input  data.  It  is  pointed  out  here  that  the  partial  information  about  s^  and  in 

Eq^,  in  conjunction  with  the  knowledge  of  n  (from  Section  6)  and  the  orthogonal  relationship  between  a^, 
a^,  n  was  found  to  be  sufficient  to  construct  and  uniquely. 

Bit  i  f  r ea ue  cu  BSM  a pproach 

Once  n  is  known,  EQ$  for  the  bistatic  matrix  at  three  harmonically  related  frequencies  can  be 
manipulated  to  extract  information  about  an(1 

Consider  three  frequencies  corresponding  to  which  the  wave  number  k  is  given  by  0.5kQ,  kQ,  and  2kQ, 
respect i vely.  8y  using  the  method  of  Section  5,  Egs  at  each  of  these  frequencies  can  be  calculated  from 
the  measured  BSM.  These  calculated  values  can  in  turn  be  related  to  s^  and  s^  by  using  Eq.  (15),  i.e.. 


2S-K 


(30a! 

(30b) 

(30c) 


Sls2sinc(*,/2)sinc(*2/2)  =  E^^ 
s^sinc^lsIncC^)  -  EQslko 
^jS2sinc(2*j)sinC(2*2)  -  E0s|?ko 

where  +,  •  t-^0-"?0-)  •  ^  ^  •  V  (30d) 

Using  Eqs.  (30a)  and  (30b),  one  gets 

cos(<k /2)cos(  4*^/2 )  *  -F  C-9S^  *  C.  (31a) 

1  u$'0.$ko  1 

similarly,  combination  of  Eqs.  (306)  and  (30c)  yields 

cos(<k  )cos(*J  =  -fe[--k0  =  C?  (31b) 

1  L  t0s'ko 

By  manipulating  the  non-linear  system  of  Eqs.  in  (31)  one  can  solve  for  4^  and  These  solutions  are 

cos  -|-  =  t  [(— 2-L)1/2((  j  *  R  )  t  (  J  ♦  R  )1/2>  .  (32a) 

*1  Ci 

2  c,s  2  ~  cos(^2/2)  ’  (Vt'' 

where  R  =  2C2/(l-Cj),  and  C(  »  1,  Cj,  C2  <  I. 

3y  analyzing  Eq.  (31)  one  notes  that  when  =  1,  C?  must  be  equal  to  1,  and 

ip  4«2  *  0,  or  2n*  ,  n  *  1,  2,  ... 

Since  all  four  solutions  of  Eq.  (3?a)  are  real,  we  must  select  the  appropriate  one  before  s^  and  s,, 

can  be  constructed  from  the  knowledge  on  n,  k  ,  and  The  following  observations  are  made  regarding  the 

selection  procedure: 

The  outside  ±  sign  in  Eq,  (3?a)  will  give  a  pair  of  solutions  which  will  differ  by  ns,  where  n 
is  odd; 


The  inside  t  sign  will  give  two  solutions;  one  will  be  in  the  region  0  <  <k?/2  <  n/2 
(♦■  solution),  and  the  other  one  will  be  in  the  region  s/2  <  \>^/2  <  n  (-  solution). 

3y  using  these  observations  in  conjunction  with  the  expressions  in  Eq.  (30)  for  E_  ,  unwanted  solutions  of 
Eq.  (32)  can  be  identified. 

(b)__  Multi  angle  BSM  approach 

From  the  practical  point  of  view,  the  requirenent  of  three  harmonically  related  frequencies  may  not 
be  desirable.  Thus  it  is  thought  that  the  recovery  of  s.  and  s~  using  a  single  frequency,  multiangle  BSM 
should  also  be  attempted. 

The  main  problem  in  this  approach  is  that  it  may  not  be  possible  to  generate  a  system  of  equations 

similar  to  Eq.  (30}  from  the  original  expression  in  Eq.  (15).  Consider  three  receiver  sites  identified  by 
the  reception  direction,  k  , ,  k  and  k  -,  respectively.  Now,  the  arguments  of  the  sine  functions  in  Eq. 
(15)  becomes,  ~Si  "SJ 


k.  ♦  k  .  k.  k  . 

(  )  •  s.  .  and  (  51 

2  1  2 


j  -  t,  ?,  3. 


Unless  these  arguments  for  different  values  of  j  are  harmonically  related,  one  will  generate  six  unknowns 
instead  of  two  as  in  the  Eq.  (30).  Consequently ,  the  solution  procedure  presented  earlier  in  this  section 
cannot  be  appl ied. 

One  possible  way  to  solve  the  multiangle  problem  is  to  control  the  transmit  directions  (say  k_.m)  and 
the  receive  directions  (k^)  such  that  for  various  combi  nations  of  in  and  j  the  vector  (k^w  +  k^)/2  yields 

(k.  ♦  k  )/2  ,  (k.  ♦  k  ),  2(k •  ♦  k  ) .  (33) 

v-io  -so'  *  x—io  -so'*  —io  -so" 

where  ^  ,  and  k^,  as  used  in  the  earlier  mul ti frequency  case,  represent  some  reference  directions.  To 
elaborate  on  this  method,  consider 

k.  =  k.  a  +  k.  a  ♦  k.  a,  • 

-l  ix  x  ly  y  1Z  Z 


k  *  ks  a  >  k  a  +  k  a  , 
-s  -xx  sy  y  sz  z 


il 


-5 .  a 

ly  y 


1 Z  2 


where  a^,  a^,  represent  unit  vectors  in  x,y,z  directions  in  the  global  spherical  coordinate  system.  The 
argument  of  the  first  sine  function  in  Eq.  (15)  can  now  be  written 


Slx' 


k  .  +  k 

JJ. _ DL 


(34) 


In  Eg.  (34)  it  Should  be  possible  to  manipulate  the  values  of  (k  ,  k  ,  k  )  to  meet  the  requirements 
specified  in  Eq.  (33).  y 

Another  adhoc,  but  straight-forward  aproach  to  the  multiangle  problem,  is  to  generate  E^s  for  a 

number  of  arbitrarily  located  receivers  (the  minimum  number  is  expected  to  be  3)  and  then  apply  these  to  a 
suitable  computer  generated  data  fit  to  match  the  theoretical  behavior  of  E^  given  in  Eq.  (15).  This  car. 

be  accompl i shed  by  using  a  non-linear  optimization  routine,  with  and  s^  as  the  optimization  variables. 

This  computer  aided  approach  can  he  initiated  only  when  some  suitable,  theoretical  1 y  and  experimentally 
generated  numerical  multistatic  scattering  matrix  data  is  made  available. 

To  construct  and  the  knowledge  of  *j,  4^,  and  n,  one  needs  to  consider  the  local  geometry 

of  the  scattering  center.  This  is  shown  in  Fig,  4. 


Fig.  4:  Local  Geometry  of  the  Scattering  Center 

'Ising  this  scattering  geometry,  one  can  write 

cos9  =u-(k.  *k)»n  (35) 

e  —10  -so 

Next,  from  the  geometrical  interpretation  of  ■i'.,  and  4  (i.e.,  projection  of  and  s?  onto  the 

k.  +k 

vector  --  - — ,  respectively)  one  can  obtain 
2 

sls? 

=  — 4 -  cost^si n*p(cos*0f  ' 

or  sin2t„  =  - 1 -  .  (36) 

(s^lcos2^ 

(ising  the  expression  for  E^  in  Eq.  (30b),  with  the  knowledge  of  and  4^,  one  can  calculate  the 

value  of  SjS^  (area  of  the  rectangular  scattering  center).  Once  SjS.,  is  known  and  can  be  calculated 
from  Eqs .  (35)  and  (36),  respectively.  With  (9  *  )  and  <i». ,  K,  from  the  Fig.  4,  s.  and  s-  is  determined 
completely.  1  _ 

7  RECOVERY  OF  THE  LOCATION  VECTOR  (d) 

The  information  about  the  location  vector  d  is  contained  in  the  phase  factor  of  the  BSH  and  MSM.  In 
going  from  Eq.  (6)  to  Eq.  (14)  these  phase  terms  were  suppressed,  since  they  were  absorbed  in  the 


4 


:*-n> 


normalization  factors.  The  normalization  factors  for  the  BSM  (denoted  by  N_)  and  the  HSM  (donated  by  NM) 
are  as  fol lows : 


e-jk[|rs-d|  +  |rrd|] 
NB  =  jk’'  - 2*|rs-d[ 


(37a) 


e-jk[2|Ci -<J|] 

^  *  Jkr>  2it|rrd[ 


(37b) 


The  relationship  between  r  ,  r,  and  d  is  shown  in  Fig.  5.  It  is  to  be  noted  that  since  the  location 
of  the  radar  sites  with  respect  to  the  fixed  global  spherical  coordinate  system  is  known,  the  vectors  R- 
and  are  known,  and  the  only  unknown  in  the  normalization  factors  of  Eq.  (37)  is  d. 


Because  of  the  multiple  valued  nature  of  the  angular  function  measurements  (i.e.,  0<9*2n,  and  9+2 nn 
both  will  he  measured  as  9  on  CW  systems),  the  phase  of  NM  in  Eq.  (37b)  cannot  be  used  directly  to  obtain 

d.  To  illustrate  this  point,  consider  ^  to  be  the  measured  phase  of  the  MSM  elements  with  the  fixed 
origin  as  the  phase  reference.  Then  using  Eq.  (37b)  one  can  write 


2k|Cj-d!  5  »M1  ♦  2n(, 

where  l  is  an  integer  number  which  is  unknown.  If  the  operating  frequency  is  f.,  with  corresponding 
wavelength  then 


Ml 

2n 


(38) 


In  order  to  determine  the  unknown  integer  9. ,  consider  a  second  frequency  f?  which  is  very  close  to 
the  frequency  f^  (say  a  few  megahertz  in  a  GHz  range).  Correspondi ng  to  this  frequency  the  wavelength  is 

?,  and  the  measured  phase  is  i> now  from  Eq.  (37b) 

2m 

2 1  r .  -d  J  •  —  =  in-integer. 

-1  -  .  n/ 

2 

Substituting  for  |r^-d|  from  Eq.  '381,  one  gets 


or 


"hi  *  ?,t)  —  =  '  V 

2 


(39) 


Tne  solution  of  Eq.  1 39),  subjected  to  the  restriction  that  the  solutions  m  and  ?  must  be  i ntegers , 
provide  some  interesting  concl  jsions.  First,  there  will  be  an  infinite  set  of  solutions  [(m.  ,  ^ 1 ,  i  =  l. 

Second,  the  separation  between  the  solution  sets  (m. ,  « . )  will  depend  on  the  "rational  fraction" 
corresponding  to  (V^/x,,).  It  can  be  shown  that  if  and  an.  1  <:o  real  numbers  very  close  to  each 
other,  then  the  separation  between  solution  sets  (nr,  ^ )  will  be  large.  Consequently,  the  multiple 
values  of  |r\-d|  obtained  from  Eq.  (38)  corresponding  to  the  multiple  values  of  t(t^;  i  =  1,2....}  will  be 


spaced  far  apart.  The  knowledge  of  the  approximate  distance  to  the  target  space  from  the  MSM  radar  site 
in  conjunction  with  the  above  large  solution  separation  will  be  useful  in  rejecting  the  unwanted  solutions 
of  Eq.  (39). 

Once  |£^-d|  is  known,  using  the  geometry  of  Fig.  5  one  can  determine  the  location  of  the  tip  of  the 
vector  d,  since  the  transmission  direction  k.  is  known. 

8  CONCLUSIONS 

A  high  frequency  bistatic/multistatic  scattering  matrix  model  for  an  isolated  scattering  center  of  a 
complex  target  has  been  developed.  The  elements  of  the  resulting  BSM  in  Eq.  (14)  has  been  aralyzed  to 
recover  the  following  parameters: 

•  The  BSM  at  a  single  frequency  is  sufficient  to  obtain  n=(n.,n_,n_}  in  terms  of  S.,,  S  ,  S  „. 

i  c  i  uo  $$  'py 

•  An  analytical  solution  for  s^  and  s^  has  been  obtained  by  recovering  the  expression  Eg$  given  in  Eq. 
(15)  at  three  related  frequencies,  namely  0.5kQ,  kQ  and  2kQ.  It  has  been  suggested  that  in  a 

realistic  experimental  situation  the  above  data  requirement  is  not  very  economical.  Therefore,  an 
alternate  method  using  a  multi -receiver  (i.e.  multi-angle  or  multistatic)  instead  of  the  multi- 
frequency  concept,  has  been  proposed. 

•  Analyzing  the  phase  of  the  normal i zation  factor  of  the  MSM  in  Eq.  (37)  simultaneously  at  two 
frequencies  (which  can  be  accommodated  i  a  very  narrow  bandwidth),  the  vector  location  (6)  of  the 
scattering  center  with  respect  to  the  origin  of  the  fixed  coordinate  system  can  be  recovered.  From 
the  target  identification  point  of  view,  this  is  deemed  to  be  a  very  important  parameter  of  recovery. 

It  is  possible  to  extend  the  isolated  scattering  center  model  of  this  paper  to  two  and  three 
scattering  center  models.  This  will  require  simultaneous  processing  of  multistatic  (minimum  3  and  4 
receivers,  respectively)  data.  Thus,  a  judicious  combination  of  mul ti-frequency  and  multistatic 
scattering  matrix  data  should  be  the  focus  of  future  polystatic  radar  target  imaging  investigations. 
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DISCISSION 


V.Brault 

I  low  do  you  foresee  the  practical  applications  on  your  theories  in  the  near  future  to  achieve  the  automatic  target 
recognition? 

Author's  Reply 

Please  refer  to  NATO-ARW-IMF:!- 1 4J83  Proceedings,  where  about  50  of  72  papers  deal  directly  with  the  N( )N 
COOPERATIVE*  target  recognition  problem  from  match  sign  proc  mctrolog  design  and  devices  point  of  view. 

1- specially,  carefully  study  the  working  group  reports  ( 7  total)  on  specifics  of  this  subject  matter 

What  was  shown  to  this  date:  Mathem.  signal  processing  methods  developed,  were  checked  positively  against 
measurement  data.  Result:  still  not  sufficient  but  highly  (processing-dependent)  promising. 

Basic  direct  inverse  scattering  theories  must  be  rapidly  advanced  simultaneously  with  signal  processing  techniques 
(advancing  rather  well  in  US  Europe.  Pacific  Orient,  and  Russia). 

Metrology  (Scattering  Matrix)  for  various  low  RC  and  other  targets  embedded  in  free  space  clutter  multiset  operations 
must  be  advanced  (requires  substantial  increases  in  funding  and  construction  of  testbed  modular  experimental  radar 
systems  covering  continuously  06  to  200  300  (ill/:  I  Ml  approach). 

More  emphasis  on  “clutter"  description  (hvdromcicoric  ground-terrain  sea.  coastal  battlefield  etc  )and  ground  paths 
assessment  (talk  to  Mme  DrThuy  le  Toon:  World  I -Apert  Superieur). 

Signal  processing  transceiver  device  technology  using  acousto-eleciro-opt.  device  need  to  be  rapidly  advanced  (coming 
along  most  impressively). 

More  interaction  on  national  level  between  Academic  Industry.  ( iovernm.  Nat.  1  .ah 
More  specialists  workshops  on  NATO-level. 

More  funding  more  equipment  and  facilities  required. 

Prioritization  reassessment  of  National  Electronic  Programs  on  I -cole  Supericurc  level 


DISPOSITJF  D ANALYSE  DE  CIBLES  PAR  DISCRIMINATION 
FINE  EN  DISTANCE 


par 

R.Amhos 
THOMSON-CSF 
17S  Bid  Gabriel  Peri 
92240  Malakolf 
France 


RESl  ME 


l.  analyse  fine  de  cibles  en  lonclion  de  la  distance  necessite  remission  d  un  spectre  a  large  handc  instantanee.  ainsi.  pour  une 
resolution  de  50  cm.  300  MHz  sont  necessaires. 

Pour  realiser  un  dispositif  d'analysc  fonciionnant  en  compression  d'impulsion  modulee  lineairement  en  frequence.  il  cm 
necessaire  de  realiser  des  lignes  dispersives  a  ires  fort  BT.  coder  el  traiter  des  impulsions  eomprimecs  ires  breves. 

I.e  principe  propose consisle  a  contourner  ces  deux  dilficultes  de  la  layon  suivante: 

—  realiser  le  fort  IV!'  necessaire  a  1  emission  par  I'utilisation  de  lignes  dispersives  existantes  suiv  ic  d  un  traitemeni 
analogique  spccifiquc. 
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CONSIDERATIONS  IN  UTILIZING  IR  SIGNATURES 

by 

Mr  Wayne  H. Tanaka 
Naval  Weapons  Center 
China  Lake,  CA  93555 
USA 


ABSTRACT 

This  presentation  will  discuss  tin  a  tutorial  basis  the  relationships  of  RT  and  IR  systems,  charactcuslics  of  both  acme 
and  passive  IR  sensor  data,  applications  of  laser  radar  sensors,  and  show  signature  data  to  illustrate  these  topics.  The  paper 
will  begin  by  showing  the  radar  equation  and  how  it  is  used  In  both  the  RE  and  laser  radar  communities.  This  includes  a 
carrier-to-noise  budget  analysis  performed  for  both  technologies  for  a  proposed  altimeter  development.  This  leads  to 
considering  the  basic  features  an  active  and  passive  IR  sensor  can  exploit  from  a  target.  Issues  of  background  rejection  sv  ill 
b_*  raised.  A  general  discussion  of  the  types  of  uses  the  DoP  is  considering  for  laser  radars  will  then  follow.  These  include 
altimetry.  Doppler  Navigation,  obstacle  avoidance  for  avionics,  and  remote  sensing  lidar. 

Examples  of  signatures  to  be  included  are  Forward-Looking-Infra-Red  (FL.IR)  data  of  ships  taken  under  Navy  Target 
Signatures  Program  (TSP)  auspices,  Active  CO:  laser  radar  signatures  of  ships,  again  taken  under  I  SP  auspices,  within  the 
last  two  years,  and  laser  radar  signatures  of  tanks  and  vehicles  taken  in  support  of  the  Navy’s  Hybrid  Target  Acquisition 
System  (HYTAS)  program  (recently  merged  with  the  Army's  Infra-Red  Surveillance.  Targeting  and  Acquisition  Radar  for 
l  ank  Location  and  Engagement  (IR-STARTLE)  program)  taken  this  spring. 

The  stress  for  this  presentation  w  ill  be  the  applicability  of  laser  radar  signatures  to  aid  in  target  acquisition,  detection, 
arid  classification. 


"The  mixture  of  different  semiconductor  technologies  ir;  Radar  module..  and  1  ■  i:  ; 
on  cool  in  a  {.red  dents  and  reliability" 

Prof.  Dr .  Erik  Lanqer ,  Siemens  A.G.,  Bereich  Bauelenente,  L-8OO0  Munich  80 


Summary : 

The  T/R-modules  of  Active  Phased  Array  Radars  contain  electronic  circuits  made  y  v«*i  v 
different  materials  and  technologies.  The  power  d  issipat  ion  of  the  dense  packed  m<.di:b 
produces  much  heat  in  the  array  which  ha:,  only  moderate  cool  ino  conditions.  I;:  n  *•- 
quonee,  the  electronic  devices  must  operate  at  ambient  temperatures  up  to  yu'-'C.  !«•  ;■:»• 
careful  optimizing  the  heat  paths,  junction  temperatures  can  rise  up  to  1  bO°C .  ller.-.-r 
also  failure  mechanisms  with  high  activation  energies  ie.u.  1.85  cV)  are  relevant,  ■  v<  •. 
they  can  be  normally  neglected  for  reliability  estimations. 

By  optimizing  the  individual  devices  one  can  expect  with,  "soft  degt  ad  at  i<  >r: "  that  * 
mean  repair  interval  (MRI)  of  the  array  will  be  about  1  ...  3  year:  doeur.u  1  a  ted  .'crvi  •• 
times.  That  is  better  than  for  other  portions  of  the  equipment. 

The  degradation  of  electrical  performance  at  high  temperatures  is  limit,  inu  only  •  re¬ 
transmission  power  and  the  receiver  noise  fiaurc. 

By  application  of  an  Arrhenius  graph  and  modification  of  the  "bath,  tube"  curve,  one  o.m 
derive  first  reliability  figures  from  stress  tests  with  small  numbers  of  sampler  ir.  ur 
early  state  of  development. 

The  reliability  and  packaging  problems  can  be  solved,  so  that  T/R-tnodules  can  meet  the 
requirements  of  active  PAR. 


1  .  Introduct.  ion 

Active  Phased  Array  Multi  Function  Radars  (subsequent  abbreviated  as  "PAR")  o-rdair. 
a  great  number  of  very  dense  packed  Transmit/Receive  modules.  The  package  density  i- 
determinded  by  the  wavelenqth  of  the  microwave  transmission  sianal  and  must  bo  •  pt  i- 
mised  with  respect  to  the  beam  focusing  and  sidelobe  levels.  In  case  of  an  /-Hand 
PAR  the  cross  section  of  the  modules  is  restricted  to  about  15  x  18  nm^  (fm.  1).  7< 
realise  all  the  functional  devices  for  transmitting  and  receiving  with  the  r*-  juir<  i 
control  functions,  nearly  each,  advanced  electronic  components  technology  must  be 
used . 

In  details  there  are  (Table  1): 


Function 


Technology 


Transmitter  power  amp. 

T/R.-power  switch 

Small  signal  and  LNA 

Digit,  controlled  MW-phase  shifter 

Digit,  controlled  MW-at tennator 

Small  signal  T/R-s witch 

Digit,  control  &  monitor  circuits 


GaAs-hybr id  (Th i  r :  —  F i 1 m) 
Si-hybrid  (Thin-f llm) 
GaAs-monol i th ic-IC 
GaAs-  and  MOS-IC 
GaAs-  and  MOS-IC 
GaAs-monol ith ic-IC 
MOS -  and  b i po 1 .  S i - I C 


Table  1 


In  addition  there  are  also  needed  discrete  active  devices  as  GaAs-FET,  Pi::-  am! 
Zener-d  iodes  ,  Schot tky-d iodes  and  bipolar-  and  MOS-trans istors .  All  the  active 
devices  must  be  integrated  on  chip  carriers  in  thin-f ilm  technique.  The  chip  carriers 
have  to  bo  bonded  on  metallic  base  plates  to  allow  a  suitable  mounting  in  the  module 
case.  Because  of  the  very  small  space  inside  the  modules  there  are  not  only  packaging 
problems  but  also  some  critical  temperature  problems  with  respect  to  the  very  re¬ 
stricted  cooling  conditions  of  the  array  (see  in  fig.  1  the  limited  cross  sections  of 
cooling  channels). 

Considering  the  heat  problems  we  have  to  examine  the  power  consumption  of  the  parti¬ 
cular  functional  devices  and  their  thermal  resistance,  because  the  operating  tempera¬ 
ture  of  the  semiconductor  junctions  respectively  FET-channels  is  the  most  important 
parameter  for  the  reliability  of  the  modules. 

2 .  Power  consumption  and  thermal  balance 

The  power  consumption  and  dissipation  is  mainly  depending  on  the  required  transmis¬ 
sion  power  and  in  consequence  on  the  operational  performance  of  the  PAR.  The  p<  w<*r 
dissipation  of  the  power  amp.  is  direct  proportional  to  the  duty  cycle.  But  note, 
one  must  distinguish  between  the  DC-duty  cycle  (DC-DC)  and  the  RF-duty  cycle.  The 
UC-DC  must  be  longer  than  the  RF-DC  to  ensure  a  sufficient  thermal  stability  of  the 
amps  before  transmitting.  Hence  the  DC-DC  is  important;  in  addition,  the  maximum 
dissipation  occures  with  activated  power  amp.  and  without  P.F- input.  This  can  happen 
in  specific  operational  situations  (e.g.  during  tests)  or  when  the  RF-input  fails. 
Under  these  conditions,  the  power  amp.  can  dissipate  more  than  80  %  of  the  total  i 
power  consumption  of  the  module,  as  it  is  shown  in  table  2  for  two  example:'  with  1  K 
resp.  3  W  RF-power  and  30  %  DC-DC: 


Ih'Vuv 


Me  an  puwer  con  s  u "  ptiori  (Watt) 


Trans mi t 

mode 

Receive  mode 

*rar.;:n.  power  amp. 

2 . 5 

6 .75 

_ 

; ,  R  - 1  -owe  r  switch 

0.03 

0.2 

0.04 

0.12 

Small  signal  and  LNA 

0.25 

0.5 

Phase  shifter 

0.03 

0.07 

M icrowave  at tenuator 

0.03 

0.07 

Sma 11  signal  T/ R- s w i t eh 

0.02 

0.04 

Conti'.  t»  monitor  circuits 

0.05 

0.10 

total 

2.91 

7.33 

0.82 

0.9 

TaM.'  2 


Ir.  surma  the  P'ean  power  dissipation  can  vary  accord  inn  to  the  RF-power  between  ca. 
3.75  ...  8.25  W.  This  power  produces  adequate  heat  and  must  be  transfered  through 
chain  of  thermal  resistances  to  the  surface  of  the  module  case,  where  will  be  an 
heat  exchange  with  the  cooling  air.  With  respect  to  cooling  efforts  and  noise  crea- 
t h  i,  the  coolina  air  velocity  must  remain  be  1 ow  1  m  per  second,  that  means  the  exter¬ 
nal  surface  of  the  modules  will  have  a  temperature  in  the  range  of  0O°...  85°C, 
according  to  the  particular  surface  area  to  the  coolinu  air  entrance. 

To  minimi;:*'  the  thermal  resistance  of  the  module  case,  we  prefer  to  use  a  material 
with  high  thermal  (and  electrical)  conductivity.  But  there  are  also  other  points  to 
take  ir.tc  account,  e.u.  the  thermal  expansion,  weight,  corrosion  and  aood  performance 
for  specific  mechanical  treatments.  At  least  it  is  also  required  the  ability  for 
electron-beam  or  baser  welding,  because  the  module  case  has  to  be  hermetic  sealed 
after  assembling  the  electronics.  With  regard  to  restricted  space,  the  majority  of 
active  elements  has  to  be  used  as  naked  chips ,  hence  the  hermetic  sealing  can  not  be 
dispensed  with. 

In  screening  the  available  materials  for  the  module  case,  there  are  copper,  aluminium 
and  their  alloys  (s. Table  3): 


Cu 

R  r  a  s  s 

A 1 

A 1 MaS i 

Heat  conductivity 

3.8...  4.0 

0.8...  1.3 

2.17 

1.7...  2.1 

W/cmK 

Lin . therm. expans .coef f . 

17  (2r>°)  34 

18.4 

23.0 

22  ...  23 

PI-m/K 

Specif,  weight 

8.9 

8.4.  .  .  8.7 

2.7 

2.7 

g/cm^ 

Fleet r.  conductivity 

58 

•  20 

3  0 

26  ...  32 

S/or. 

Table  3 

Comparing  these  materials  it  is  clear,  we  have  to  make  a  compromise  in  choosing  a 
light  weight  material  as  aluminium  or  its  derivates. 

So  far  the  material  and  the  geometrical  configuration  of  the  modulo  case  is  fixed, 

<ne  must  calculate  the  local  thermal  resistance  of  the  case  in  the  area  of  the  ins  lie 
mounted  electronic  circuit.  This  is  a  hard  job  with  respect  to  the  radiator  fins  of 
the  case.  In  general  it  can  be  state*!,  that  the  local  thermal  resistance  of  the  case 
can  be  reduced  to  about  o .  5  ...  ".8  K/W. 

Considering  the  thermal  resistance  of  the  electronic  circuits  up  to  the  junctions  or 
channels  of  the  active  elements,  we  have  to  take  into  account  the  heat  paths  of  the 
semiconductor  chip.-',  the  chit,  carrier,  the  base  plate  and  -  very  important  -  the  air 
unps  od  solder  layers  between  the  particular  parts  (s.  fig.  2). 

With  respect  to  thermal  conductivity  and  go*  d  matched  thermal  expansion  ?  o  C.aAs  and 
Silicon,  the  most  favorable  sub:  » rat  material  is  Beryllium  oxide.  But  because  of 
price  and  the  toxic  nashininq  waste,  in  the  majority  aluminium  oxide  ceramic  is  pre¬ 
fer  ed  for  the  chip  carriers,  despite  it  ca.  nine  timer,  worse  thermal  conduct  i  v  i  t y . 

A  serious  problem  is  the  selection  of  a  proper  material  for  the  base  plates  of  the 
hybrid  devices  and  chip  carriers.  Because  the  ceramic  substrates  are  too  brittle  to 
be  fixed  direct  in  the  module  case,  one  need:;  metallic  base  plates  with  good  matched 
thermal  expansion  to  the  ceramic  substrates  and  excellent  thermal  conductivity.  These 
requirements  are  very  contrary.  The  common  used  Ft.. var  has  the  optimal  thermal  ex¬ 
pansions,  but  is  here  to  be  excluded  because  of  the  very  poor  thermal  conductivity. 

A  permissible  compromise  is  the  appl  icat  ion  <•{  <’< -ppor-Kovar  - 1  in.  inates  for  the  base 
plates . 
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Using  all  those  optimizing  instruments  carefully,  we  can  only  achieve  a  junction 
temperatures  fo  the  semiconductors  approx.  30°.. .  70°C  above  the  internal  case 
temperature.  That  means  -  100°  ...  1 60°C ,  a  temperature  range  with  accelerated 
f a i lure  r echan isr s  and  itsJ impact  on  reliability. 

3 .  Reliability  of  the  T/P-module  electronics 

The  manifold  of  components  and  technologies  exhibits  also  a  great  d  i  vers  i  t  y  of  failure 
mechanisms .Excluding  the  mechanical  failures,  the  majority  of  troubles  are  tempera¬ 
ture  sensitive  processes  with  activation  energies  in  the  scope  of  0.2  ...  2.0  e.V., 
in  extremum  even  more. 

The  activation  energies  for  specific  failures  arc  mostly  different  for  silicon  and 
GaAs-devices . 


The  acceleration  of  failure  mechanism  is  consistent  with  the  specific  activation 
energy  Eai.  By  transforming  the  Arrhenius  equation  {1}  one  g^ts  for  the  acceleration 
factor  from  temperature  T^  to  (T^  <  T2): 


Hq  .  (  1  ) 


WV  -  CX!J  hr 


with  Tj ,  T2  ...  junction  or  chanr.le  temp,  ;K} 

k  ...  Boltzmann  const.  (8.03  x  10  oV/K) 

Because  Fj_  is  exponentially  increasing  with  Fai,  failure  rechar; i sn.s  with  great  acti¬ 
vation  energy  are  for  the  hiah  temperature  operations  in  T/P-.odules  important, 
though  they  may  be  neglected  at  normal  conditions. 


Example : 

In  a  collective  at  temperature  Tj  is  a  fraciton  n-j  of  pieces  with  the  failure  rate 
>l(Tf)  for  small  Ea  and  the  rest  of  pieces  ri2  ~  1  “ni  has  the  failure  rate  >  2  f*1*  1  ) 
for  high  Ea;  then  the  expected  failure  rate  is 

Fq.  (2)  MT-|)  =n1.\1(Tl)  +  n^d^)  -  n^X^fiy. 

By  increasing  the  operating  temperature  tc  T2»  then  we  get 

r:q.  (3)  >  (T2)  =  n, -F,  (T1/T2)  •  +  »VF2(T1/T2)  *  'W* 


That  means,  if  the  acceleration  factor  is  very  hiah  (as  partly  in  the  case  of  T/R- 
mo'iulc  opei  at  ion  conditions  F’  (100/150)  ~  750)  the  term  1-2  *  >-2  can  become  signifi¬ 
cant,  also  when  '2  much  smaller  than  ■■  1  . 

While  for  silicon  components  very  much  experience  and  statistic  data  are  available, 
in  case  of  GaAs  the  situation  is  not  so  satisfactory.  But  with  respect  to  the  much 
higher  band  gap  of  GaAs  compared  with  Silicon,  we  can  assume  that  GaAs-deviccs  can 
operate  at  higher  junction  temperatures  than  silicon  semiconductors. 

In  particular,  there  are  the  following  failure  mechanisms: 

3.1  MOS-LSI: 

This  technology,  used  for  the  control  and  monitor  functions  in  the  T/R-modulos 
has  failure  median  isms  with  activation  energies  E ^  analogous  to  tabele  4: 


Table  4 


l 

TI..-1  l  1 


The  distribution  for  these  failure  sources  depends  on  the  specific  I'd,  !  vu 
the  averaae  there  are  e.u.  for  Micro-processors  ca.  63  %  of  failures  with 
activation  energies,  ca.  16  %  with  medium  and  ca.  22  %  with  h  ia|i  a/tivaf  lur  «-n.  i 
gies  {2}.  This  distr ibut ion  is  roughly  valid  also  for  the  MQS-pur t  and  likevit 
tor  the  bipolar  part  of  the  module  electronics. 

By  rigorous  fully  dynamic  Burn-in  procedures,  a  considerable  part  i  f  the 
with  small  activation  energy  can  be  eliminated,  so  that  a  more  suitable  distri¬ 
bution  remains.  The  reduction  of  failures;  with  small  activation  enemy  i:  impor¬ 
tant,  because  these  failure  sources  are  extremely  relevant  for  the  rel  i  at  1 1  i  ♦ y . 

Because  of  the  permitted  operation  temperature  of  silicon  Id  ,  this-  part  of  4  !.< 
module  electronics  should  be  arranged  at  the  best  cooled  places  m  ♦he  n.< -dub- 
case  . 


3.2  CaAs -power  FETs : 

Also  for  these  components  not  only  one  failure  mechanism  is  t-'  l-e  considered. 
Clearly,  chips  wit};  "  via  holes"  have  other  problems  than  sheet  grounded  ievi-.-e 
c-r  "flip-chip"  mounted  FV.T  s .  but  two  failure  mechanism  me  dominant  at  GaA.  - 
f'l.'.'vr  F?:Ts ,  i  *■  is  elect  rmorat  ion  and  contact  degtadat  i-jt.  •:  3 }  ,  ‘4,-. 

Already  years  uac  it  was  exporter. cod  that  add  metallization  is  . : •  i p •  - r  1 «  :  •«  il 
rir.iu::,  theref-.re  we  must  only  cons  ider  h  lCcAu-sys  terns  for  ‘Is  ,  ram  an!  .*■'■  me*'- 
contacts  and  T  lV.'Au-sys  terns  li'r  the  bchottky  nates.  Because  m  ‘he  f  al.  r  i  c.c  l :  r.  •  •! 
power  device;  a  rigorous  inspect  ion  f  the  crystal  qualify  and  careful  1  urn- in  i 
u:  ;al  and  in  contrast  to  MOS  devices  GaA  .-MISFI  T  l  ave  n<  crate  oxide,  e  loot  rt.-mi - 
aiaticn  of  tlie  -rate  metui  at  high  channel  tefiif  erafure.*;  and  contact  iecrada*  i<  -:. 
at  o  s  igi.  if  leant  for  the  life  time  ct  these  semicor.duc*  *  *r  :• .  1  •*•.?•  this  failuit 
”  eci'.ar.  i  sn.  the  activation  energy  u.  about  1.86  i**sp.  1.16  eV ,  that  is  much,  higher 
than  for  Si -power  devices  pc.  6  ...  o.  7  eVj  . 

'-he  hiuh  ac*  1 va* ion  or.*- ray  :  remise:-,  cn  t ho  on*'  hand  a  long  mean  life  time  (M.TF ;  , 
hut  alsi.  i  high  decree  of  temper at  u re  sensitivity  for  MTK  and  the  failure  r  a  *  e . 
h-ecaus*-  t  h«»  powei  amps  ar*  the  roost  heat  producing  elements  ii.  the  T/ R-r.cdu  l e , 

••-•n*'  must  calculate  with  channel  temperatures  of  1 30°  ...  lbUcC;  hence  we  n us*  take 
here  into  account  the  maximal  accelerat ion  factors  for  the  failure  rates. 

•h-mally  ”7F-f  i-.Jure;-  are  pullished  for  CW-oper at  ior. ,  hut  in  T/P-modu  los  there  i 
norma  1  ly  pulsed  operation.  lor  the  MTF  is  the  pulsed  operation  pri  fitable,  became 
only  during  the  L-C-L-C  ‘la.-  H'Ts  are  on  supply  voltage,  and  only  in  th.es*'  periods 
the  relevant  elect r> ;-chomical  processes  occur.  Purina  the  pulse  intervals  are 
the  much  slower  diffusion  processes  in  action,  likewise  a;;  a*  tempera*  ui  o  storage. 
Theiefore  th.e  accumu lat  ed  act  1  ve  o:  erat  in>t  t  ime  is  relevant  for  ♦  h.e  MIT' ,  that 
means  fur  an  buty- factor  •  s.  t  i  e:  n-i ina )  for  the  bC-bC)  : 

::'I-  M)  VTI  I-)  ::  PiliSU 


In  this  way,  the  effective  life  t  in**  is  i  to  twenty  t.  im.r-s  longer  than  iota  sheet 
f  i cures,  expel  1. 

3.3  GaAs-IC: 

GaAs-IC  for  T/R-modulcs  are  in  majority  1  i near  circuits.  Th -  i;  :h  the  se  devices  have 
little  power  dissipation,  they  will  be  heat*3-.’  by  the  aljacenf  power  devices. 
Therefore  the  channel  temper  at  ties  of  the  FFTs  are  about  1uo°  ...  Ilo'-C.  In  praxi 
the  active  elements  of  the  monolithic  ICs  occupy  only  a  tor  tier,  of  the  ehir  ■  6 ;  , 
but  i  ecajst*  of  the  poor  thermal  conductivity  of  CaAs ,  tin  hour  ..-ar.  ru  *  distributed 
ir.  fhe  entire  chip  volume.  Hence  the  active*  element:-  :i-duc<*  It.  cal  i’.ot  are  as  tr. 

*■  ho  ch.Lp.  For  the  active  elements  of  these  IC:  we  car:  expect  similiar  failure 
mechanisms  as  for  GaAs-power  devices,  but  with  less  acce  lor  at  ion.  :'qu  l  valor.*.  con¬ 
ditions  are  also  valid  for  the  hybrid  circuits  with  discrete  sonic  nduot  <  r> . 

Soft  iogra  iat  ior.  of  the  array 

bespito  of  the  very  good  reliability  figures  of  electronic  circuit-.,  (MTBf 
we  must  consider  the  life  time  of  the  complex  T/H-modules .  Because  of  the  great  numl-er 
cf  modules  in  a  PAR,  the  equipment  will  not  fail,  when  one  or  few  modules  fail,  at 
♦■In-  condition  that  defective  parts  are  approximately  uniform  distributed  in  the  array. 
It  than  a  distinct  percentage  of  modules  may  fail,  we  speak  of  "soft  doqradat  ion " . 

This  percentage  and  the  failure  rate  XM  of  the  modules  determ.no  the  mean  repair  m- 
t c r  va 1  (MR!)  of  the  PAR  (fig.  3). 

The  graph  shows  the  MRl-figures  for  continuous  operation.  At  in tormi t tenet  service, 
the  MRI  will  be  adequate  longer. 

If  we  can  e.g.  tolerate  that  5  %  of  the  modules  fail  in  a  period?  of  1  ...  3  years, 
then  a  mod u le  failure  rate  may  be  in  the  scope  of  about  2  ...  6  x  lo~6)-,-1. 

The  module  failure  rate  is  additive  composed  of  the  individual  failure  rates  > y  of 
the  different  devices  and  some  other  failure  sources  (mounting  faults  etc.),  what  wc 
will  neglect  in  a  first  estimation: 
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I  nun-us  i  i.  ;  it.  »  t  ♦  i  i  .  1.  ;  (a:.:  j  t.u:  o  «.  :r‘  j-s>  ■  *  •  has*-  iif’*  : 

"ho  i-i  i..orv»-ii  deurada*  l-.-n  •  f  :ain  nr.  I  t  .•  :  ■  !  l  :  .>  «•  :  •  ••  .  » *.  y  -.r.;  . 

sir;  a  electron  mol  llity  with  l  is-i:.-?  t.  or. ;  »-i  a*.  .  !:  a  tor  ;  «-t  a* \i  i 

to  90CV  a  deurada?  lor.  -f  uair.  :  >-r  tau«-  f  ■'■■.4  if-  u.*.d  !p 

(see  fin.  4  and  l')  must  he  expected. 

Regarding  also  the1  ir.se  r  t  u.  t,  1«  s:  f  "  l}*.  w:'  d.  *.  i.o  r  I  *:  r.  :  i  •  «.  :  i  :oi«. 

receiver  will  io  about  4 . 5  ...  r-  -IP. 

Ir»  tin-  same  way  the  power  ar.ps  are  lr.f  :.  C-  l  in  l *  h-  5  » 

vidual  power  amp  liar  a  driver  amp  an!  s  =  ■:•••  iio.i.-:.-,  i*  -m:.  h.i:  :  «■: 
variation  for  the  significant  iritorn.il  t  '-m;.  era*'  nr*.-  rar.ue  ■  .  ... 

1.5  ...  2  tlH.  This  variation  • -f  output.  power  cat,  !•«•  *.  i  !• 

of  the  t  r  an  sir  i  ss  ion  path  mint  ho  controlled. 

The  degradation  ot  the  phase  shifter:  deter.-.!-:  s-jtr.uly  or.  the  c;i  :ui‘  c  :.,-t  :  ?  .  i  : 
"Switched-l  ine"  phase  shifters,  the  influence  of  temperature  i  v<  i  y  .  1  si- 

increasing  loss,  no  notable  phase  orre**)  ,  bu*  f<-r  "Vect«  i  r.A.-inlat  i"  :  ha  t  ■  i  i !  • »  i 
th.e  phase  error  can  become  cons i-ler a!-le . 

Loaded-1 ine  phase  shifter  are  also  not  t-evorily  ten  peraf  ure  .onsitivi  -  .  :.i  r- :  i  r.  *  ,J  • 

j  ha no  characteristic,  hut  somewhat  nor  influenced  than  switched- 1 ine  ;  ha  •• 

cot.:'-  ider  inu  the  insertion  loss  (up  to  1  dB  m  the  temp,  interval  1  2<  *  ...  u  C)  . 

The  ■  lour  adat  ion  cf  the  power  T/R-switch  is  important,  because  it  :>c  an.  h  .  ‘ 

isolation  fo  the  receiving  path,  of  the  module  dunr.u  th.e  i-F-iuty  cych  .  i- 
an  urn t  f  ic  lent  isolation  one  must  design  some  redundancy ,  which  •  :  hi:  •  fn*  *  ■■■■'  : 

con sump  t  ic.n  expocially  in  case  of  PIN’ -diode  swi  tchc-s  . 

■'.valuation  of  rc  1  iai.  i  l  l  ty  data 

As  noted  in  section  4  not  for  all  specific  circuits  of  T.  k-r.<  du  1  <•>  oxper ionct d  fai¬ 
lure  rates  or  MTBF- f inures  are  available. Especially  in  case  <■  f  t  ho  p  wer  '.evict.  , 
s ubsequent  modifications  to  improve  the  reliability  are  expensive  and  very  tire  ■ 
summci.  in  .-\i:-,:r..s  y  however  th.e  reliability  must  bo  included  a  prion  ir.  the  der  iur. 
and.  be  proven  in  a  pilot  production. 

Tc  'U-t  reliability  data  of  new  products,  stress  tests  at  hiuh  temperatures  are  con¬ 
ventional.  based  on  the  Arrhenius  graphs  -.1;  extrapolations  of  th.e  reliability  at 
the  specific  operation  temperature  can  be  made.  But  these  extrapolated  life  time- 
are  expected  values  of  the  median  life  (MTF)  and  not  of  the  mean  time-  bef u  re  failure 
(MTBF)  rlurinu  a  substantial  period  before  "wearout". 

If  we  modify  the  well  known  "bath,  tube"  curve,  the  two  siuinif  leant  periods  in  the 
life  span  of  a  device  after  burn-in  can  be  plotted  as  shown  in  f  ia.  f> .  Kach  of  the 
three  curves  is  related  to  a  specific  operation  temperature.  The  first  two  (marked 
with  T •)  and  T2)  are  stress  tests  results,  but  the  third  on  is  an  extrapolation  for 
the  desired  operation  temperature  Tx.  By  means  of  an  Arrhenius  graph  the  figures  >TTF1 
MTF2  and  MTFX  could  be  derived  but  not  the  ai<mif  icant  -x,  which  marks  the  end  of 
useful  life  and  is  a  corner-stone  for  the  evaluation  of  thr  MTBF. 

In  persuance  of  that  idea,  one  must  make  two  stress  tests;  the  first  with  a  small 
number  of  devices  only  to  find  MTF-).  The  second  one  with  a  moderate  number  of  samp¬ 
les  (30  ...  35  pieces)  to  asct.1  tain  the  moment  of  increasing  failure  rate  around  t2 
and  then  the  MTF2“figure.  If  we  have  these  data,  it  is  easy  to  calculate  the  end 
of  the  useful  time  tx  at  the  desired  temperature  by  extrapolation  of  MTFX  with  an 
Arrhenius  graph  and  then  insert  it  in  the  formula 


_ x_ 

Tx  *2  ■  XTF2 


fcq.  (6) 


'll} 


,  che 


l  i  the  sum  uf  failures  at  constant  rate  up  to  a  certain  point  of  time  T 
f  o  1 1-jwir.a  i  e  i  a t  ic n  is  va  1 1  d 


i-  i7l  If  -  N'0  i 1  -  exp  (-  t  •  i  > } 

with  .  -  number  of  samples  at  the  begin  of  the  test  (after  burn  •  in)  and  )=  failure 
rate  during  •. 


It  m  the  second  test  up  to  T2  n  samples  were  defect  iEf.=n)  then  there  exists  a  (rood 
chance  that  at  the  temperature  Tx  up  to  the  moment  :x  also  n  pieces  will  fail  (fiq.O) . 
Ir.  raxi  •  •  * x  •.  <  1  is  applicable,  so  that  with  formula  (4) 


its) 


MTBF 

x 


n 


th}. 


•f  .-euri-e ,  with  such,  approximations  definite  reliability  figures  are  not  available, 

■  :*  car.  save  -c r.ev  at.  i  time  in  avoiding  wrono  designs  or  not  suitable  technologi- 

•il  j  :  .•  ces.-e:-  befcti-  tin-  mass  production  starts.  This  is  extremely  important  for  T/F- 
•ui.les,  :  active  EAR  are  military  equipments  wit)-,  very  bin  quantities  of 

•ict'  wave  oir.-uits,  that,  pre  duct  ion  lines  must  have  capacities  comparable  to  the 


bower  o<  r.  :  '  :  :  i  1  i?  it  mu  parameter  of  active  PAP..  The  hioher  the  f rruuency 

runs-  '  h*  rail'-r  *  he  '  car..  :■  i...  lor.  [.-over,  howc  vet  the  progress  in  the  efficiency  cf 
•  •  w*  r  devi-.  i  per.:-  a  very  i  i:..j  tc*-:re  for  them. 

i h.e  packauinu  and  n-lu!  i!i*y  :  r  blomc  car.  be  managed  with  hiuVi  coyhis t icated  design 
and  techn-.- U  -r/  ;  M.a*  the  "  P 1 . . lo.  will  meet  expected  performance  and  practical 
nil  it  ary  requ  1 1  >■:  .  j.r  . 
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Ahs  t  ra  ct 


(l1)  Technology  for  a  lightweight  low  cost  t  ransrai  t  /  recet  ve  (T/R)  module  tor  the  next 
generation  airborne  surveillance  phased  array  radar  Is  described  In  tills  paper.  The  T/R  module 
In  an  active  phased  array  radar  is  a  primary  system  cost  driver;  therefore,  a  low  cost  module 
had  to  be  developed  In  order  to  make  future  phased  arrays  affordable.  Monolithic  Microwave 
Integrated  Circuit  (MMIC)  technology  is  the  technology  heing  developed  to  fill  the  above 
requirement.  MMIC  technology  Is  an  approach  wherein  all  the  active  and  passive  elements  of  the 
circuit  and  their  required  interconnections  are  formed  on  a  single  semiconductor  material;  e.g. , 
gilllun  arsenide.  MMIC  technology  appears  to  be  ideal  because  of  the  inherent  low  cost  involved 
with  product  ion  of  integrated  circuits.  The  low  production  cost  is  due  to  the  lack  of  manual 
handling  and  assembly,  improved  reliability,  improved  reproduci hi  1 1 1 y ,  small  size  and  weight, 
circuit  design  flexibility,  and  broadband  performance. 


1.0  Introduction  (l1) 

(T)  The  requirement  for  lightweight,  low  cost  t ransmi t / rece 1 ve  modules  for  the  next 
generation  airborne  surveillance  platform  was  Identified  approximately  five  years  ago.  At  that 
time,  a  system  study  pointed  to  the  need  for  a  large  aperture  phased  array  radar  conformally 
fitted  to  the  skin  of  an  aircraft.  This  requires  individual  t ransmi t / recei ve  (T/R)  modules  at 
each  radiating  element.  This  requirement  for  T/R  modules,  coupled  with  other  projected  needs  in 
ground-based  tactical  radars  and  space-based  radars,  provided  the  impetus  to  initiate  p  T/R 
module  development  program. 

((I)  A  second  study  was  conducted  to  summarize  the  needs  of  the  various  radar  concepts  that 
were  under  discussion.  The  study  showed  that  there  was  a  great  deal  of  commonality  between  all 
of  the  active  phased  array  concepts  in  terms  of  what  Is  required  for  t  ransmi  t  /  rece  1  ve  modules. 
With  the  exception  of  peak  power  and  frequency,  the  modules  were  functionally  identical.  That 
Is,  they  all  require  a  multibit  phase  shifter,  a  low  noise  amplifier,  and  a  low  to  medium  power 
amplifier.  Therefore,  it  was  assumed  that  the  same  technology  base  could  he  used.  In  addition, 
all  the  concepts  req  lire  a  collocated  controller  for  beam  steering.  The  study  also  showed  that 
for  any  of  the  system  concepts  the  number  of  modules  required  is  extremely  large.  Therefore,  it 
wan  obvious  that  to  meet  the  weight  requirements  and  cost  constraints,  the  modules  needed  to  be 
extremely  lightweight  and  very  low  cost. 

(U)  Monolithic  Microwave  Integrated  Circuit  (MMIC)  technology  is  the  technology  being 
developed  to  meet  the  above  requirement  and  is  described  in  section  2.  The  advantages  of  using 
MMIC  T  R  module  technology  over  the  current  methods  of  generating  RF  power  is  described  in 
section  3.  This  paper  also  summarizes  the  future  application  of  MMIC  technology. 


2.0  MMIC  Technology  and  T/R  Modules  (U) 

(U)  Monolithic  Microwave  Integrated  Circuit  (MMIC)  technology  Is  an  approach  wherein  all  of 
the  active  and  passive  elements  of  the  circuit  and  its  required  interconnections  are  formed  on  a 
single  semi  conductor  material;  e.g.,  gallium  arsenide  (GaAs),  as  shown  in  Figure  #1.  MMIC 
technology  appears  to  be  ideal  to  fulfill  the  above  T/R  module  requirement  because  of  the 
Inherent  low  cost,  improved  reliability  and  reproducibility,  small  size  and  weight,  circuit 
design  flexibility,  and  broadband  performance. 


Mm" 7*Wf 


Figure  «U  (15)  MM  1C  Circuit  on  Oa  Ilium  Arsenide 

U)  Low  cost,  improved  reliability,  and  reproducibility  are  derived  from  two  areas:  i) 

inherent  low  cost  involved  with  production  of  integrated  circuits  due  to  the  lack  of  manual 
handling  and  assembly  and  2)  lack  of  a  large  number  of  wire  bonds.  Wire  bonds  have  always  been 
a  serious  problem  In  reliability  and  reproducibility  for  any  microwave  circuit.  Furthermore, 
wire  bonding  is  very  labor  intensive  and,  therefore,  a  significant  cost  factor  in  any  mKrowave 
circuit.  The  elimination  of  a  large  number  of  wire  bonds  also  eliminates  undesired  paras  it  ics 
which  limit  broadband  performance  of  conventional  circuits. 

U:)  Small  sl/.e  and  weight  Is  an  intrinsic  property  of  the  MMIC  approach.  Circuit 
integration  is  on  a  chip  level,  ranging  from  the  lowest  degree  of  complexity  such  as  an 
oscillator,  mixer,  or  amplifier,  to  a  next  higher  functional  block  level;  fur  example,  a 
receiver  front  end  or  a  phase  shifter.  A  still  higher  level  of  circuit  complexity,  tor  example, 
h  t  ransni  t /receive  module,  can  he  integrated  onto  a  single  chip.  [.arge  numbers  of  MMIC  circuits 
are  processed  on  a  .single  3  inch  wafer,  and  large  numbers  of  wafers  are  batch  processed 
simultaneously,  (lost  is  determined  in  part  hy  the  cost  of  water  fabrication  and  circuit  yield; 
the  higher  the  circuit  count  per  wafer  and  the  higher  the  circuit  yield,  the  lower  the  circuit 
cost . 


(f.i)  A  T/R  module,  as  shown  in  Figure  #2,  is  composed  of  four  basic  functional  blocks;  i.n,, 
a  power  amplifier,  a  low  noise  amplifier,  a  multibit  phase  shifter  and  a  controller.  By 
properly  varying  the  relative  amplitudes  and  phase  of  each  T/R  module  in  an  array,  it  is 
possible  to  steer  the  direction  of  the  radiated  beam,  and  control  the  sidelobes  of  the  antenna. 
Kxamples  of  MMICs  developed  to  date  lor  T/R  modules  are  given  below,  and  are  by  no  means  a 
complete  set  covering  all  frequency  ranges  and  applications.  The  monolithic  circuits  shown  are 
•ill  at  S-Band  and  because  of  the  functional  complexity  of  the  chips,  lumped -element  circuit 
components  have  been  used  to  minimize  the  size  of  the  chips.  This  is  required  to  maximize  yield 
and  minimize  cost. 


I  _ I 


Figure  #?  f  U)  Block  Diagram  of  T/R  Module 

(D  A  phas*-*  shifter  circuit  consisting  of  four  cascaded  bit  sections  with  phase  shifts  of 
22.5,  AS,  90,  and  180  degrees  is  shown  in  Figure  #3.  The  switching  action  is  provided  hy  14 
I'-aAs  MF.SFKT  passive  switch  devices  with  one  micron  gate  lengths  and  a  total  of  13. 2mm  of  Rate 
periphery.  The  only  DC-  bias  required  is  the  gate  control  voltages  with  a  total  current  of  less 
than  SO  microamps  for  the  chip,  which  is  due  to  gate  leakage  only.  The  two  low  order  bits,  the 
22.^  and  AS  degree  sections,  arc  limped- element  loaded  lines  with  switched  reactive  loading  to 
produce  the  phase  shift  steps.  The  two  high  order  bits,  the  90  and  180  degrei  sections,  use  the 
PFT  device  to  switch  between  high-pass  or  low-pass  1 umped-e lempnt  sections  which  provide  either 
a  phase  lead  or  lag  for  th**  phase  shifting  action.  The  fabricated  chip  size  is  I.Srmn  by  2.8ram. 


S-BAND  4  BIT  ^-SHIFTER 


Figure  #3  (U)  MMIC  Phase  Shifter 

(l1)  A  medium  power  amplifier  consisting  of  a  three-stage  amplifier  integrated  with  the  T/R 
switches  and  bias  networks  on  the  chip  is  shown  in  Figure  04.  The  FET  devices  have  gate  lengths 
of  two  microns  with  a  total  gate  periphery  of  4.1mm.  The  matching  circuits  use  lumped -element 
spiral  Inductors  and  metal-insulator-metal  (MIM)  capacitors  and  incorporate  the  T/R  switching 
networks  at  the  input  and  output  of  the  amplifier,  all  on  a  chip  that  is  3.7mm  by  3.2mm.  This 
chip  has  about  20dB  of  gain  across  a  10%  bandwidth,  with  about  0.5  watts  of  output  power. 


(U)  A  low  noise  amplifier,  shown  in  Figure  #5,  consists  of  a  three -stage  amplifier  with  T/R 
switches  like  the  power  amplifier.  This  chip  uses  FET  devices  with  gate  lengths  of  one  micron 
with  a  total  gate  periphery  of  3.6mm.  The  T/R  switches  are  similarly  integrated  into  the 
lumpcd-e iement  matching  circuits  on  a  chip  that  is  4.1mm  by  2.5mm.  This  circuit  has  about  22dB 
of  gain  across  a  30 Z  bandwidth  with  a  noise  figure  of  about  4dB. 


Figure  05  (U)  MMIC  Low  Noise  Amplifier 


(U)  A  higher  power  amplifier  chip,  as  shown  in  Figure  #6,  can  be  added  to  the  medium  power 
amplifier  chip  to  increase  module  output  power.  This  chip  has  a  power  FET  with  two  micron  gate 
lengths  and  total  periphery  of  12mm.  The  matching  circuitry  on  the  chip  uses  lumped-element  HIM 
capacitors  and  inductors  which,  because  of  the  low  impedances,  are  short  transmission  lines. 
The  circuit  is  fabricated  on  a  chip  that  is  2.8mm  by  3.2mm  and  has  about  7dB  of  gain  at  power 
output  of  5  watts. 


Figure  #6  (U)  MM1C  Power  Amplifier 


(U)  These  chips  have  been  assembled  into  medium-power  and  high-power  T/R  modules.  The 
transmit  mode  microwave  performance  for  the  prototype  high-power  module  is  shown  in  Figure  #7  at 
IdB  gain  compression.  The  receive  mode  performance  is  shown  in  Figure  #8. 


T/R  MODULE  PHASE  LINEARITY 
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Figure  #7  (U)  Module  Performance  In  Transmit  Mode 
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Figure  #8  (U)  Module  Performance  In  Receive  Mode 
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3.0  MMIC  Impact  On  Surveillance  Platforms  (U) 

(U)  The  current  airborne  surveillance  system  (E3A)  employs  two  parallel  RF  amplification 
chains  driving  a  corporate  fed  passive  phased  array  which  has  a  radiant  to  prime  power 
efficiency  of  about  10%.  The  RF  signal  (RF  excitation)  from  the  STALO  is  amplified  through  each 
chain  which  consists  of  three  stages  of  amplification:  a  predriver,  a  driver,  and  a  high-power 
amplifier.  A  traveling  wave  tube  (TWT)  is  used  for  the  driver  stage  and  a  klystron  tube  is  used 
for  the  high-power  amplifier.  The  prime  power  distribution  system  provides  both  DC  and  3-phase 
high  voltage,  which  of  course  is  all  derived  from  aircraft  power.  The  system’s  low  efficiency 
is  primarily  due  to  three  areas:  1)  high  RF  power  losses  in  the  beam  forming  network  of  the 
corporate  feed,  2)  high  RF  power  loss  in  the  combining  network  of  the  two  amplification  chains, 
and  3)  the  power  required  for  the  transmitter  environmental  controls  and  cooling  system  within 
the  corporate  feed  network. 

(l:)  In  comparison,  an  active  phased  array  employing  MMIC  T/R  modules  conformally  fitted  to 
the  skin  of  an  aircraft  has  a  radiant  to  prime  power  efficiency  of  about  20%.  This  means  that 
for  a  given  radiated  power  the  active  phased  array  uses  less  prime  power.  This  translates  to  a 
lower  rate  of  fuel  consumption  for  the  same  mission,  which  allows  more  time  on  station  for  the 
surveillance  platform. 

O')  Further,  overall  system  performance  can  be  improved  by  using  an  active  phased  array. 
By  having  the  T/R  module  very  close  to  the  antenna  the  detection  ability  of  the  system  will 
increase  by  several  dBs.  This  is  due  to  the  module's  high  gain  low  noise  amplifier  being 
introduced  into  the  front-end  of  the  receiver  chain,  well  before  the  high  loss  incurred  in  the 
beam  forming  network.  This  translates  into  detection  of  smaller  targets  and/or  increasing  radar 
range.  Another  performance  advantage  that  an  active  phased  array  has  over  the  current  system  is 
the  ability  to  electronically  steer  the  radiated  beam,  thus,  giving  the  operator  the  ability  to 
look  longer  in  the  high  threat  areas;  obvious  advantages. 

(II)  Another  obvious  advantage  that  conformally  fitted  MMIC  T/R  module  approach  has  over  the 
current  radome  technique  is  less  overall  drag  on  the  aircraft.  This  also  translates  to  a  lower 
rate  of  fuel  consumption  for  a  given  mission. 


4.0  Conclusions  Ami  Future  Application  (U) 

(I)  RADC  has  developed  the  first  1  through  4  GHz  lumped  element  MMIC  circuits  for  radar  T/R 
modules.  These  circuits  are  now  starting  to  find  their  way  into  other  microwave  systems  as 
well;  e.g..  Global  Positioning  System  (GPS),  Direct  Broadcast  Satellite  (DBS),  and  microwave 
instrumentation.  However,  significant  work  still  needs  to  be  accomplished  before  these  MMIC 
chips  are  placed  into  an  operational  system.  To  date,  the  MMIC  world  has  concerned  itself 
primarily  with  the  technical  aspects  of  producing  the  chips;  i.e.,  designing  for  microwave 
performance.  However,  the  item  that  will  determine  the  future  of  MMICs  is  total  cost  of  a 
finished  unit.  Total  cost  of  a  finished  unit  can  be  broken  down  into  four  major  areas:  1)  chip 
design,  2)  fabrication,  3)  assembly  (i.e.,  packaging),  and  4)  testing  in  all  phases  of 
fabrication.  The  total  time  to  produce  a  MMIC  unit  needs  to  be  shortened  also.  At  present,  it 
takes  somewhere  between  6-7  months  to  design  and  fabricate  a  given  chip;  this  needs  to  be 
reduced  to  1-2  months  to  be  cost  effective.  At  the  present  time,  about  2/3  of  the  total  cost  of 
a  unit  is  in  assembly  and  testing  throughout  the  fabrication  to  final  testing  stage.  This  is  a 
common  problem  f->r  any  microwave  circuit  and  requires  significant  effort  to  reduce  this  cost 
driver.  Another  area  that  requires  a  great  deal  of  work  Is  in  the  reproducibility  of  MMIC 
circuits  t  rom  wafer  to  wafer  and  from  lot  to  lot.  Two  areas  that  are  just  now  beginning  to  be 
addressed  are:  1)  reliability  of  MMICs,  and  2)  radiation  effects  on  the  performance  of  these 
circuits.  These  are  two  very  important  areas  that  need  to  be  addressed  before  MMIC  circuits  are 
placed  in  space.  In  conclusion,  it  Is  obvious  that  MMICs  are  starting  to  become  available  for 
system  use,  hut  a  lot  of  effort  still  needs  to  be  accomplished  before  they  are  as  common  as  a 
t  ranslstor. 

(II)  It  is  apparent  that  MMIC  technology  will  have  a  profound 
survei I  lance  systems  In  the  future.  This  impact  will  he  from  an  economica, 
making  active  phased  arravs  less  costly,  increasing  their  efficiency,  and 
pe  ri  ormance  and  flexibility  due  to  the  electronically  steered  beam. 
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Y.BrauIt 

When  do  you  foresee  the  implementation  of  active  phased  array  antennas  on  the  airborne  lire  coni  1 .  >1  railai  operating  at 
X-band? 

Author's  Reply 

People  at  Wright  Patterson  AKB  are  working  on  similar  modules  for  S-band.  It  depends,  however,  on  the  development 
of  appropriate  technologies  and  is.  therefore,  difficult  to  predict. 


K.Nolbach 

( 1 )  What  is  really  holding  back  the  introduction  of  active  T  R  module  arrays? 

(2)  What  is  the  module  price  objective? 

Author's  Reply 

( 1 )  High  cost  for  hybrid  ’!  K-modulcs. 

(2)  We  are  looking  for  a  $100  module:  the  price  has  to  drop  at  least  below  $500. 


Blinston 

Is  your  figure  of  20"'..  efficiency  a  prediction  or  an  achievement? 


Author’s  Reply 

Achieved. 


L.Daouphars 

How  do  you  cope  w  ith  I  MP  in  a  system  when  the  RF  elements  are  exposed  to  the  energy  without  benefit  of  waveguide 
cut-off  as  in  conventional  systems? 


Author's  Reply 

We  arc  working  on  the  problem. 


R.G.C'uthbert 

In  modules  where  several  active  devices  arc  employed  do  you  need  to  carry  out  manual  trimming  or  do  you  accept 
mismatches?  If  it  is  the  latter  case,  what  kind  of  yield  do  you  achieve  of  an  acceptably  matched  module  w  Inch  includes 
several  active  elements? 


Author’s  Reply 

Mismatch  between  circuits  has  been  very  low.  Yield  has  been  between  20— 40"..  on  most  chips. 


LOW-COST,  MONOLITHIC  BEAMFORMING  COMPONENTS  FOR  RADAR 


Paul  H.  Carr,  Scott  W.  Mitchell  and  Richard  T.  Webster 
Electromagnetic  Sciences  Division 
Rome  Air  Development  Center 
Hanscom  AFB,  MA,  01731,  USA 


ABSTRACT 

Planar,  monolithic  technology  offers  the  possibility  of  lowering  the  cost  of  beamforming  components, 
whi,.h  contribute  significantly  to  the  high  price  of  phased  array  radars.  The  most  immediate  opportunity 
tor  planar  technology  could  be  to  replace  the  costly  ferrite  phase  shifters  in  current  use.  PIN  diode 
phase  shifters  have  the  advantage  of  faster  switching  times  ( sub-microsecond )  than  ferrites  and  the 
disadvantage  of  slightly  higher  insertion  loss,  which  is  due  to  the  fact  that  microstrip  is  inherently 
more  lossy  than  waveguide.  Low  cost  PIN  pbasers  can  be  fabricated  by  monolilthic  technology  or 
automated,  robotic  hybrid  thick-film  techniques. 

Mon»)i i thic  phase  shifters  on  GaAs  have  typical  losses  of  6  dB  and  power  handling  capabilities  under  a 
waft.  Tms  eliminates  them  from  consideration  as  replacements  for  ferrite  phasers  in  the  corporate  fed 
arrays  considered  above.  New  research  results  on  reducing  this  insertion  loss  will  be  presented.  The 
insertion  loss  is  not  critical  if  the  phase  shifter  is  followed  by  an  efficient  power  amplifier.  The 
Trench  nave  reported  on  MISfET  amplifiers  on  TnP  with  33?  power  added  efficiency  and  a  power  output  at  9 
GHz  of  AW /mm  gate  width,  which  is  more  that  twice  that  of  the  best  GaAs  MESFET.  These  MISFETs 
unfortunately  had  unstable  silicon  dioxide  gate  insulators,  and  researach  is  continuing  in  the  U.S.  to 
improve  this. 

Monolithic  technology  is  especially  attractive  at  mm-wave  frequencies,  due  to  the  smaller  component 
sue  and  the  minimization  of  parasitics.  Results  on  44  GHz  phase  shifters  will  be  presented. 

E lectronical ly  variable  time  delay  rather  than  phase  shift  is  required  for  low-sidelobe  phased  arrays 
having  wide  i nstantaneous  bandwidth.  Monolithic  SAW  tapped  delay  lines  on  GaAs  will  be  described  for  use 
at  center  frequencies  under  1  GHz.  Above  1  GHz,  magnetostatic  wave  devices  are  capable  of  continuous 
variable  time  delay  over  a  40  nsec  range. 
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EHF  MULTIFUNCTION  PHASED  ARRAY  ANTENNA 
Klaus  Sol  bach 
AEG-Telef unken 
Radio  &  Radar  Systems  Group 
Box  1730,  D-7900  Him 
Fed.  Rep.  Germany 


It  Is  our  conviction  that  now  it  has  become  possible  to  produce  full-scale  phased  array 
antennas  for  modern  fighter  aircraft  using  conventional  microwave  integrated  circuit 
'  y  i  y  techniques  at  a  price  compatible  with  the  budget  for  the  envisioned  application. 
Vainly  to  achieve  the  goal  of'  realistic  price  level  for  the  antenna  several  opt  .ons  Lave 
be**n  chosen  in  the  design  of  our  demonstration  EHF  Mult  ifunot Ion-Phased  Array  Antenna: 
Both,  the  radiating  elements  and  the  phase-shifter  circuits  are  realized  on  microstrip 
substrate  material  In  order  to  allow  photo! ititxiraphic  batch  fabrication.  Self-encap— 
sulMol  beam-lead  PIN-d lodes  are  employed  as  the  electronic  switch  elements  to  avoid  ox- 
{►■•nsiv“  hermetic  encapsulation  of  the  semiconductors  or  complete  circuits. 


-e-foed  using  a  horn-radiator  to  Illuminate  the  array  from  the  front-side  Is  found 
the  s Imp  lest  and  most  inexpensive  feed.  The  phased  array  antenna  thus  operates  as  a 
't-array*,  the  antenna  elements  employed  In  a  dual  role  for  the  collection  of  energy 
ts.**  f“-*i-horn  and  for  the  re-radlatlon  of  the  phase-shifted  waves  'In  transnlt- 


T‘>.  in*  i>i:rui  is  divided  into  modules  containing  the  rad lator 'phase-shl f ter  plate  plus 
Irlv —  Hrri  *'  I  TF— ,  • !  r.-uitry  at  the  back.  Both  drive-  and  BITE-conponents  use  "gate-array" 
i  t.*  ~grv  !  circuits  especially  designed  for  the  purpose.  Several  bus-systems  are  used  to 
cull  I.v  Mas  and  logical  data  flows  to  the  modules. 

'>.**  r .'rir.-v*. ■  “•ring  unit  it  1 lines  several  signal  processors  and  hiqh-speod  discrete  adder 
circuits  t  ■  .>■!.  ,bin«  *-he  pointing,  frequency  and  beam-shape  information  from  the  radar 
system  >:n  c  u  t*>  r  with  the  stored  phase-shift  cedes  for  the  array  elements.  Tlnce  space, 
weight,  an  1  jt.-wer  runsunpt  ion  are  prime  const  derat  ions  only  the  most  advanced  technology 
is  used  lr.  tr.e  lesion  oT  both  the  microwave  and  the  digital  /drive  circuitry: 

The  Plf.’-Mn  b»r.  -ire  driven  with  quite  low  forward  currents,  the  logical  circuitry  contains 

custom-made  hU*L-r.| i  -'M';'- *r  •  s  and  the  BITE  circuit  can  be  switched  off  to  consume 

power  on  1  y  !  f  a  t  *- s  *.  '•y r  I  e  ! r.  ‘arte d . 
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BASIC  CHARACTERISTICS  OF  FM-CW  RADAR  SYSTEMS 
By 

Ir.  L.P.  Ligthart,  ir.  L.R.  Nieuwkerk,  lr.  J.S.  van  Sinttruyen 
Delft  University  of  Technology 
Dept,  of  Electrical  Engineering 
P.0.  Box  5031 
2600  GA  DELFT 
The  Netherlands 

1*  INTRODUCTION 

Due  to  rapid  technological  progress  in  real-time  signal  processing,  FM-CW  radar  systems 
are  expected  to  become  a  more  serious  competitor  to  pulse  radar  systems. 

This  paper  deals  with  basic  radar  principles  such  as  modulating  waveforms  and  ambiguity 
functions  characteristics .  Advantages  and  disadvantages  of  FM-CW  radar  systems  are  com¬ 
pared  to  pulse  radar  systems. 

The  inherent  signal  processing  used  in  FM-CW  radar  systems  allows  a  flexible  choice  of 
system  parameters.  In  this  context  aspects  like  sensitivity,  range  and  velocity  resolu¬ 
tion  are  discussed. 

It  is  elucidated  that  the  use  of  digital  processors  for  signal  processing  (frequency  de¬ 
termination,  filtering,  etc.)  offers  the  possibility  to  exchange  dedicated  hardware  so¬ 
lutions  with  software  implementations. 

Attention  is  paid  to  equipment  like  the  antennas,  diploxer,  transmitter  and  receiver,  and 
to  isolation  problems  between  transmitter  and  receiver. 

Results  of  an  experimental  FM-CW  research  radar  are  shown.  In  addition,  the  future  pros¬ 
pects  of  FM-CW  radar,  with  the  aerial  and  solid-state  r.f.  head-end  integrated,  are  indi¬ 
cated  . 

2.  AMBIGUITIES  lN_  K.L:i|.-  AND  FM-CW  RADAR 

When  determining  target  range  and  target  range  rate  by  means  of  simultaneous  measurements 
an  inevitable  ambiguity  exists,  dependent  on  the  characteristics  of  the  transmitted  sig¬ 
nal  u(t).  By  selecting  waveform  parameters  f.i.  in  favour  of  good  range  precision  perfor¬ 
mance  a  fine  is  paid  in  either  range  rate  precision  or  self  generated  clutter  or  both. 
This  ambiguity  is  mostly  described  by  the  ambiguity  function  ,  w: 

00  _  •  . 

>.  ( i  ,*)  =  /  u(t)u*(t+t)e  ■**'  at  where: 

x  -  delay  time  (t  =  0  is  the  time  the  target  return  arrives) 
uj  -  Doppler  frequency  (target  range  rate) 

*  -  complex  conjugate 

It  is  noted  that  *(r,„)  represents  the  output  of  an  optimal  matched  filter  receiver. 

In  this  paragraph  some  examples  of  ambiguity  functions  will  be  shown  for  different  trans¬ 
mitted  waveforms  having  a  rectangular  envelope  in  common.  Attention  will  be  paid  to  con¬ 
ventional  pulse  signals  as  an  extreme,  via  chirp  signals  to  FM-CW  signals  as  another  ex¬ 
treme.  In  the  examples  shown  delay  time,  Doppler  frequency  arid  repetition  time  are  nor¬ 
malized  with  respect  to  the  width  d  of  the  rectangular  envelope: 
normalized  delay  time  -  x/d 

■*:n  normalized  Doppler  frequency  -  *d/2 

T^  normalized  repetition  time  -  T/d  (T  repetition  time) 
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Figures  1  thru  10  show  ambiguity  functions  for  basic  non re pot  it ive  waveforms  whereas  fiqur 
os  11  thru  1?  show  the  effects  of  waveform  repetition.  Figures  1  and  2  show  i.e. 

tnc-  absolute  value  >f  the  autocorrelation  function,  and  an  orthogonal  cut  \(0,-.n)  for  a 
"  SiO-eti  1 1  j  "  pulse.  The  triangular  form  of  .(1^,0)  directly  results  from  the  correlation 
process  of  a  rectangular  pulse  with  width  1.  If  the  pulse  width  d  is  shortened  the  non- 
normali'.ed  .1,0),  describing  the  uncertainty  in  range  measurement,  is  "compressed",  im¬ 
proving  range  measurement  precision,  as  <(0,-)  is  widened  resulting  in  impaired  range 
rare  measurement  precision.  In  adding  linear  frequency  modulation  the  ambiguity  function 
is  changed  to  a  sheared  version  .  {  ;  ,-ju+2pi )  with  2  pd  being  the  time-bandwidth  pro¬ 
duct  (100  m  the  examples)  In  figure  3  showing  \  (  t  n ,  0 )  over  the  sub-ir.terval  (-0.2, 0.2) 
it  is  shown  that  range  measurement  precision  is  increased  (due  to  the  increase  in  spec¬ 
tral  width)  at  the  expense  of  the  introduction  of  a  vast  number  of  sidelobcs.  Range  rate 
measurement  precision  for  various  range  delays  (figures  4  thru  6)  is  almost  not  changed 
relative  to  the  "no-chirp"  case.  In  comparing  figures  4  thru  6  it  is  noted  that  the  shape 
of  the  ambiguity  function  is  nearly  independent  of  range  delay,  the  only  effect  being  a 
sh.Lft  in  the  ambiguity  function  position.  This  range  delay-Doppler  coupling  is  caused  by 
the  shearing  effect  for  large  time-frequency  products.  Figures  7  thru  10  show  similar  re¬ 
sults  for  a  triangular  frequency  modulated  pulse.  The  pulse  width  is  doubled  relative  to 
previous  examples  as  the  pulse  consists  of  a  superposition  of  two  modulated  pulses  with 
an  up  and  down  sweep  respectively,  resulting  in  improved  range  rate  measurement  precision 
(fig.  8).  Hence  .  (t  ,.  )  consists  of  two  sheared  contributions,  resulting  from  each  in- 
dividual  pulse,  and  cross  terms.  The  latter  cross  ambiguity  functions  build  a  pedestal 
(fig.  7)  for  the  former  sheared  ambiguity  functions.  Figures  8  thru  10  show  that  range 
delay-Doppler  coupling  no  longer  exists  in  the  triangular  case  ,as  a  consequence  of  the 
double  shearing)  and  a  delay  parameter  dependent  shape  of  the  ambiguity  function  results. 
Figure  10  dearly  shows  separate  contributions  of  the  sheared  functions,  figure  9  inter- 
*  i  'ii  and  figure-  8  coincidence  as  the  value  of  the  range  delay  parameter  is  diminished. 
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As  the  transmitted  pulse  is  repeated  in  a  coherent  way  the  following  effects  in  rela¬ 
tion  to  measurement  precision  occur.  In  the  range  delay  domain  the  original  ambiguity 
function  (figure  II  for  a  "no-chirp"  pulse)  is  repeated  at  integral  mult  iples  of  the  re¬ 
petition  time  (figure  12)  thus  giving  rise  to  "second  time  round"  ambiguities  which 
occur  when  the  repetition  time  is  chosen  smaller  than  radar  range  delay.  Moreover  as  a 
result  of  repetition  a 

sinl  (N-  k  )  *•  T  1/sinU  T  )  where  N-  number  of  repetitions 
n  n  n  n  c 

k-  integer  0  <k  •  N 

weighting  occurs  in  the  Doppler  domain  related  to  "blind"  range  rate  of  targets  (figure 
II).  A  a  consequence  of  the  coherency  the  main  lobe  of  the  ambiguity  function  narrows  and 
its  amplitude  becomes  greater  (pre-detection  matched  filter  integration)  both  linearly  de¬ 
pendent  on  the  number  of  pulse  repetitions.  Figures  14,  15  show  similar  effects  for  a  lin¬ 
ear  frequency  modulated  chirp  radar  and  figures  16,  17  for  the  case  of  triangular  frequen¬ 
cy  modulation,  the  pedestal  being  part icularly  clear  in  figure  16. 


In  choosing  the  repetition  time  equal  to  the  pulse  width  the  ambiguity  function  for  a  FM- 
CW  radar  is  obtained.  The  number  of  pulse  repetitions  (sweeps)  can  be  directly  related  to 
FFT  requirements  for  Doppler  data  processing  (:  4.2).  figures  18  thru  20  sin/w  ambiguity 
functions  for  a  "sawtooth"  FM-CW  radar  system  whereas  figures  21  and  22  give  similar  func¬ 
tions  for  a  triangular  FMCW  radar  system. 
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i.  COMPARISON  BETWEEN  FM-CW  AND  PULSE  RADAR  SYSTEMS 


1.1  Principles  of  operation  and  assumptions 

In  figure  23  the  fundamental  principles  of  FM-CW  and  pulse  radar  are  shown.  The  following 
is  ;umpi  lens  have  been  made: 

FM-CW  radar  -  There  is  a  linear  frequency  sweep 

-  no  amplitude  modulation 

-  There  Is  no  chirp 


Pulse  radar 


-  Transmitter 

Due  to  the  continuous  wave  feature  of  FM-CW  the  mean  transmitted  power  equals  the  peak 
transmitted  power,  while  with  the  pulse  radar  the  peak  power  is  dependent  on  the  ave¬ 
rage  power,  pulse  length  and  pulse  repetition  frequency.  FM-CW  radar  allows  therefore  to 
have  a  low  voltage  power  supply  and  a  compact  transmitter  unit,  furthermore  the  rf  com¬ 
ponent  of  the  transmitter  can  be  integrated  with  the  antenna  feeder  system,  hence  true 
solid  state  FM-CW  radar  is  feasible. 

The  frequency  generating  source  of  FM-CW  radar  has  to  be  highly  linear  with  low  FM- 
noise  and  low  amplitude  modulation  in  order  to  produce  the  required  range  and  velo¬ 
city  resolution.  With  pulse  radar  strict  requirements  are  needed  for  low  frequency 
jitter  to  obtain  the  accurate  Doppler  data. 

-  Receiver 

An  inherent  characteristic  of  the  FM-CW  receiver  unit  is  the  matched  filter.  To  obtain 
a  matched  filter  receiver  in  a  pulse  Doppler  radar  is  far  more  complicated.  When  using 
a  zero  -  if  mixer  a  loss  of  3  dB  in  signal  /  noise  ratio  occurs,  a  price  to  pay  in  this  case 
for  simplicity.  As  the  FM  source  in  the  FM-CW  radar  is  used  also  is  a  local  oscillator 
the  transmitter  and  receiver  can  be  easily  integrated.  CW  radarsystems  have  the  disadvan¬ 
tage  of  high  isolation  between  transmitter  and  receiver  in  order  to  prevent  saturation 
of  the  receiver,  on  the  other  hand  low  minimum  range  is  obtainable. 

-  Antennae 

In  order  to  obtain  the  already  mentioned  high  isolation  between  transmitter  and  receiver 
special  attention  has  to  be  paid  to  the  design  of  the  antennae.  One  solution  uses  sepa¬ 
rate  antennae  for  transmitting  and  receiving.  Gain  requirements  result  in  larger  antennae 
constructions  for  the  FM-CW  radar  case  relative  to  pulse  radar. 


-  Signal  processing  equipment 

Frequency  «?st  ib  l  ishmcnt  in  FM-CW  radar  is  part  of  the  matched  filter  receiver  and  has  *.«. 
bo  performed  before  even  range  data  is  obtained.  This  can  be  done  by  fast  digital  compu¬ 
ters  or  dedicated  hardware  using  fast  fourier  transforms.  Having  powerful  signal  pro¬ 
cessors  additional  tasks  can  be  easily  performed  at  the  same  time,  such  as  Doppler  pro¬ 
cessing,  calculation  of  power  spectra,  logarithms,  averaging  etc.  Exercises  with  data  ob¬ 
tained  from  the  radar  can  be  processed  in  order  to  suppress  clutter,  to  update  calibra¬ 
tion  and  to  enhance  picture  quality. 

The  spread  spectrum  characteristic  of  the  FM-modulated  signal  must  be  emphasised  which  is 
not  the  case  with  a  simple  pulse  radar.  In  addition  security  can  be  obtained  by  applying 
further  frequency  agility  in  the  center  frequency. 


3  ,J_  Compar i so n  between  a  conventional  pulse  Doppler  radar  and  a  competitive  FM-CW  radar 
In  the  table  below  the  parameters  of  a  FM-CW  radar  and  a  pulse  Doppler  radar  with  nearly 
equal  performance  are  listed. 


Pulse  radar 

FM-CW  radar 

Central  frequency 

9 

GHz 

Range  re so i ut  ion 

100 

m 

rf  bandwidth 

1  ,  5 

MHz 

maximum  unambiguous  range 

35 

kn 

average  transmitted  p^v_r 

50  W 

1  w 

peak  transmitted  power 

50  kw 

1  W 

pulse/ sweep  repetition  frequency 

1  500 

Hz 

minimum  RCS  at  maximum  range 

50  m*- 

10  m2 

antenna  gain 

33,5 

dli 

isolat ion  t  ransmit tor-receiver 

- 

•  50  dB 

minimum  range 

2  km 

0,2  km 

maximum  unambiguous  Doppler  velocity 

240 

km/hr 

The  differences  between  a  convention 

iu  1  pulse  radar  and  a 

FM-CW 

radar 

demonstrate  the  ad- 

vantages  of  FM-CW  radar  with  the  except ior.  of  the  isolation  requirement  and  consequences. 
It  is  assumed  that  pulseradar  is  well-known  and  therefore  in  the  next  table  some  examples 
of  a  FM-CW  radar  are  given  with  different  system  parameters. 


Example 

1 

a 

pi  a  r  a t  or 

1 i equoney  ex curs  ion 

2  MHz 

1  2 

MHz 

0,6  ms 

0,6 

ms 

sample  frequency 

1,365  MHz 

8,192 

MHz 

-0  of  points  FFT 

1024 

6  14  4 

max  .  unamb  1  gvieus  ve  1  oe i t y 

40  km/hr 

240 

km/hr 

minimum  RCS 

10  m2 

10 

2 

m 

A  typical  setup  of  a  FM-CW  radar  configuration  is  shown  in  figure  24. 


Tu  get  the  required  radar  performance  extensive  signal  processing  is  necessary,  for  this 
eason  an  array  processor  and  a  video  display  processor  connected  to  a  host  computer  are 


Console  Colour  Monitor 

Figure  24  Typical  set  up  of  a  possible  FM-CW  radar  conf igurat ion 


4.  FM-CW  signal  processing 

4.1  Basic  signal  processing  requirement s 

To  carry  out  signal  processing  of  the  received  FM-CW  radar  data  we  start,  with  the  radar  equa¬ 
tion  for  separate  transmitting  and  receiving  antennae.  The  averaged  received  power  becomes: 


- 

(4")V 

whore  and  arc  transmitted  and  received  power ,  and  are  gains  in  the  specific 
directions  to  the  radar  target,  R  is  radar  target  distance  and  '  the  radarcrosssect.  ion  of 
the  target  to  be  measured.  Tn  case  the  two  beams  of  the  separate  antennae  are  not  fully 
coincident  the  radar  equation  has  to  be  modified.  This  takes  place  close  to  the  radars ite 
and  is  depending  on  the  mutual  spacinu  between  the  two  antennae.  As  a  rule  of  thumb  it  can 
be  said  that  for  radar  distances  Larger  than  A  /•  trie  radar  equation  can  be  considered  to 
be  similar  with  the  equation  for  the  monostatic  case,  where  A  is  the  maximum  si/e  of  t  he 
combination  of  the  two  antennae. 


The  target  is  characterised  by  its  geometry  which  determines  the  radar  crosssect  ion ,  its 
distance  and  Velocity.  The  radarcrosssect  ion  can  be  described  by  its  amplitude,  frequency, 
phase,  velocity  spectrum  and  polarization  properties.  A  quant  it  at ive  analysis  can  be  done 
only  by  u  mu  1 1 iparametcr  radar  with  sensitive  calibration. 


do  so  different  types  of  radar 

-  cal  ibr.it  i  on 

-  range 

-  Doppler 

-  polarization 

-  clutter  suppression 

-  pi c tur e  e nhunc e me n t 


signal  processing  have  to  be  performed  like  processing 


4 'j  2 _ Possible  signal  processing  approach 

The  processing  for  calibration  of  the  radar  can  be  distinguished  into  ahsoLute  calibration 
by  means  of  standard  reflectors  with  known  radarcrosssect ion .  At  Delft  a  rotating  planar 
reflector  i.s  used  for  this  purpose.  The  known  reflectivity  pattern  of  the  rotating  reflec- 


1  1  - 


tor  allows  the  suppression  of  unwanted  reflections  from  its  surround  ings  .  Uel.it  ivu 
bration  can  be  obtained  by  using  a  delayline  which  creates  an  artificial  target.  Meal¬ 
time  monitoring  indicates  changes  in  the  system  parameters  except  for  the  antennae,  en¬ 
vironment  and  atmosphere.  This  can  be  done  in  an  interleaved  mode  with  normal  radar 
operation. 

A  second  relative  calibration  makes  use  of  the  wide  band  thermal  noise  of  the  preampli¬ 
fier  of  the  receiver  and  can  therefore  be  seen  as  a  relalative  calibration  receiver.  To 
get  range  and  Doppler  information  the  different  techniques  have  been  reported  [1],  for 
range  only  information  a  fast  fourier  transform  is  applied  to  a  single  sweep  and  for 
range-  and  Doppler  information  fast  fourier  transforms  are  applied  to  consecutive  sweeps. 
Beside  the  fast  fourier  transform  other  methods  based  on  parameter  estimation  like  ARMA 
and  Pisarenko  methods  have  been  published,  but  have  not  been  performed  up  till  now  due  v 
impredictable  side  effects. 

Polarization  processing  requires  the  availability  of  polarizers  in  the  antenna  structure. 
Separate  transmitting  and  receiving  antennae  allow  separate  polarizers  to  measure  the  full 
polarization  matrix  continuously  with  r.e  receiver  only  under  the  condition  that,  measure¬ 
ments  for  different  polarizations  can  be  done  within  the  decorrelation  time  of  the  target. 
This  feature  enables  differentiation  on.  i  ;<d  .tr  i /at  ion  basis  between  different  targets 
c.q.  unwanted  reflections  (clutter*. 

Real-time  polarization  processing  necess i •  i*es  a  fast  processor,  due  to  the  limited  de- 
correlation  time  and  the  deriva'ion  _d  six  polarization  coefficients  that  charac¬ 

terize  the  target. 

For  clutter  syppression  use  can  bo  made  .-t  the  correlation  of  succeeding  measurements  of 
the  radarcrosssect ion  or  the  already  mentioned  polar i z.it ion  properties. 

The  availability  of  computer  equipment  needed  to  perform  the  processing  functions  can  at 
t:  .*  same  time  be  used  to  execute  programs  for  picture  enhancement.  Algorithms  like  time 
filtering,  spatial  filtering,  windowing,  averaging,  noise-  and  clutter  suppression  can 
be  set  up. 

3 .  FM-CW  HARDWARE 

5.1  Microwave  hardware 

To  produce  pencilbeams  parabolic  reflector  antennae  arc  in  use.  When  two  antennae  have  to 
be  used  large  dimensions  are  the  consequence.  The  pattern  requirements  are  similar  to  t  host 
of  pulse  radar  antennae,  bong  line  effects  have  to  be  omitted  as  well  as  possible  •  r.  ;  - 
amplitude  modulation  over  the  used  frequency  band.  Matching  circuitry  is  needed  at  the  end; 
of  long  microwave  transmission  lines.  These  types  of  problems  can  be  avoided  by  full 
yration  of  transmitter  and  receiver  in  one  aerial  under  the  condition  that  sufficie:.'  iso¬ 
lation  between  transmitter  and  receiver  can  be  obtained  to  prevent  saturation  of  th*.  if- 
ceiver . 

Solid  state  frequency  generating  sources  with  good  phase  noise  perf ornunoo ,  solid  s?  r< 
power  amplifiers  and  solid  state  low-noise  amplifiers  are  available.  When  special  op¬ 
tion  is  paid  to  the  if  circuitry  3  dB  lower  thermic  noise  figure  can  be  obtained  in 
parison  with  the  simple  zero  if  receiver. 

5.2  Intermediate  frequency  hardware 

Introducing  an  intermediate  frequency  much  larger  than  the  frequency  excursion  the  if  cir¬ 
cuitry  can  be  used  for  relative  calibration  but  also  to  analyse  nori-1 ineari t ie 
sweep,  amplitude  modulation  and  parasitic  noise.  By  using  a  coaxial  cable  as  d e ; 
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whereby  the  delayed  signal  is  fed  into  the  receiver  an  artificial  target  is  generated  for 
this  analysis. 

The  choice  of  using  an  intermediate  frequency  is  inspired  by  the  gain  in  signal  to  noise 
ratio  and  also  by  the  availability  of  stable  frequency  generating  sources  at  lower  fre¬ 
quencies  and  of  other  signal  processing  hardware  like  steerable  amplifiers,  attenuators, 
couplers  etc. 

5.3  Low  frequency  hardware 

Depending  on  the  maximum  frequency  in  the  beatsignal  the  low  frequency  hardware  has  to  be 
adjusted.  We  distinguish  the  gain  envelope  of  the  zero  if  amplifier  in  the  receiver  to  cor¬ 
rect  for  spatial  extension  of  the  radar  waves,  the  filters  to  avoid  aliasing,  the  sample 
frequency  for  the  analog  to  digital  convertor,  the  number  of  bits  in  the  adc  to  get  the 
wanted  dynamic  range  and  the  computer  hardware.  A  special  role  has  to  be  fulfilled  by 
the  timing  generator  which  takes  care  of  all  the  needed  signals  in  the  radar  to  obtain 
coherency . 

To  visualize  the  processed  data  a  quasi  real  time  quick  look  monitoring  is  essential.  The 
beatsjgnals  that  include  all  received  data  can  be  collected  on  an  analog  instrumentation 
recorder  for  further  use. 

6,  RESULTS  WITH  THE  DELFT  ATMOSPHERIC  RESEARCH  RADAR 

In  this  paragraph  we  show  some  results  of  clutter  maps,  Doppler  velocity  spectra  of  rain 
and  polarization  properties  of  a  single  target.  The  measurements  have  been  carried  out 
with  DARR  described  in  literature  |2]. 

DARR  has  a  transmitting  antenna  with  a  diameter  of  4.28  m  and  a  receiving  antenna  with 
a  diameter  of  2.12  m.  The  transmitted  power  during  the  measurements  shown  is  1  Watt.  The 
sweep  time  was  chosen  to  be  2.5  ms  so  that  the  maximum  unambiguous  Doppler  velocity  be¬ 
comes  9m/s.  Other  relevant  radar  parameters  selected  are  given  in  the  figures.  The  first 
radar  pictures  (figure  25)  show  the  cluttermap  in  the  surroundings  of  Delft  with  elevation 
angles  0°  and  4,13°  and  at  different  maximum  range.  The  strong  reflections  from  nearby 
clutter  are  reduced  by  processing  taking  into  account  the  R4  law  of  discrete  targets.  To 
visualize  the  large  dynamic  range  we  use  a  colour  scale  instead  of  a  grey  scale.  Every 
displayed  sector  consists  of  averaging  16  consecutive  power  spectra  to  improve  clutter 
to  noise  ratio.  At  an  elevation  of  0°  and  a  maximum  range  of  1 5  km  we  see  the  reflection 
from  discrete  targets  with  a  displayed  dynamic  range  of  30  dB.  The  lowest  reflectivity 
value  can  be  chosen.  The  transmitted  power  was  ^lO  ^  Watt.  For  an  elevation  of  4.13° 
and  a  maximum  range  of  15  km  it  is  seen  from  the  figure  the  influence  of  the  side  lobes 
of  the  antennae  resulting  in  circular  arcs.  The  dynamic  range  has  been  reduced  to  20  dB 
while  the  transmitted  power  is  increased  to  1  Watt.  For  o°  elevation  and  a  maximum  range 


a) Elevation  O', Range  15  km  b) Elevation  4. 13°, Range  15  km  c)Elevation  O', Range  75  km 


Figure  25  Clutter  maps  of  the  surroundings  of  Delft 
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of  75  km  figure  25  C  is  obtained  (P^  =  10  ^  Watt) .  The  cities  Amsterdam  and  Haarlem,  the 
coast  and  Rijnmond  can  be  distinguished. 

As  a  result  of  high  resolution  Doppler  measurements  we  show  figure  26 , which  is  computed 
from  reflectivity  data  obtained  with  the  radar  looking  to  zenith.  Because  the  sweep  time 
is  less  than  the  decorrelation  time  of  rain,  tain  reflectivity  cannot  be  considered  as 
clutter  and  therefore  raindrop  fall  velocity  spectra  can  be  measured.  The  processed  data 
consist  of  reflectivity  as  function  of  height,  the  mean  Doppler  velocity,  the  Doppler 
spectrum  width  and  the  skewness  in  the  Doppler  spectra.  Results  of  this  can  be  used  to 
determine  the  rain  drop-size  distribution. 
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Figure  26  Spectral  moments  of  rain  measured  with  DARR.  P  =1  Watt, 
h  =  30  m  1  1 1 


When  two  polarizers  are  used  in  DARR  both  steered  sinusoidally  but  in  opposite  sense  over 
angles  -45*  we  have  situations  that  the  transmitted  and  received  polarizations  are  the  same 
and  there  exist  situations  that  the  polarizations  differ  90°.  In  figure  27  the  polarization 
dependency  of  a  tower  some  1100  m  away  is  given  as  a  function  of  the  difference  in  polari- 


Figure  27  Received  power  as  function  of  polarization  angle 
difference 


CONCLUSION 

In  this  paper  attention  has  been  paid  to  coherent  FM-CW  radar  system  parameters,  their 
similarities  and  differences  with  coherent  pulse  radars.  On  the  basis  of  matched  filter 
analysis  we  show  two  dimensional  ambiguity  functions  in  range  and  in  Doppler  domain  for 
a  pulse  radar,  a  pulse  radar  with  FM  chirp  during  the  pulse  and  the  FM-CW  radar.  We  illu¬ 
strate  that  the  coherent  pulse  radar  and  the  FM-CW  radar  are  at  both  ends  of  the  genera¬ 
lized  concept  of  a  pulse  radar  with  FM-chirp.  Most  simple  pulse  radar  systems  are  not  of 
the  matched  filter  type  while  inherently  to  the  FM-CW  radar  principles  the  FM-CW  radar  re- 


ceiver  can  be  considered  in  this  way.  This  means  that  in  this  circumstance  the  FM-CW 
radar  can  be  advantageous  as  far  as  transmitted  power,  minimum  range  and  sensitivity 
is  concerned.  A  disadvantage  can  be  the  required  isolation  between  transmitter  and 
receiver.  Different  from  pulse  radar  systems  is  the  signal  processing  of  the  radar 
data  coming  from  a  FM-CW  radar.  This  is  ca'.vJ  by  the  fact  that  range  and  Doppler 
processing  has  to  be  done  in  the  frequency  domain.  Additional  processing  for  cali¬ 
bration,  windowing,  polarimetry,  clutter  suppression  and  picture  enhancement  is  dis¬ 
cussed  based  on  experiences  obtained  with  the  Delft  Atmospheric  Research  Rad<,r  (DARR)  . 
Real  time  signal  processing  in  this  radar  is  a  research  item  in  itself  and  requires 
real  time  radar  system  management  as  well  to  keep  the  radar  parameters  under  computer 
control.  The  advantage  of  this  approach  is  the  flexibility  in  the  FM-CW  radar  as  is 
shown  by  different  experiments  in  which  the  radar  has  been  reconfigurated  by  software 
only . 

The  hardware  needed  to  build  FM-CW  radar  systems  allows  the  thought  that  solid  state 
powerful  radar  systems  can  become  reality.  Results  with  DARR  show  its  capabilities  con¬ 
cerning  high  range  resolution,  Doppler  processing,  cluttermaps  and  polarimetry. 
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RESUME 

Les  informations  video-radar  en  sortie  des  circuits  de  traitement  sont  nature! lement 
en  coordonnees  polaires.  La  presentation  de  ces  informations  sur  un  ecran  necessite  un 
stockage  prealable  dans  une  memoire  dtte  "memoire  de  la  carte  radar"  ou  "memoire 
d  1  i mage " . 

Dans  de  nombreux  cas,  une  organisation  de  la  memoire  d'image  en  coordonnees 
cartesiennes  est  interessante  car  elle  permet  : 

-  d'effectuer  facilement  certains  traitements  radar, 

-  de  compenser  les  mouvements  du  porteur  (en  translation), 

-  d'etre  d'acces  direct  pour  une  presentation  de  l'image  en  mode  television. 

La  conversion  de  baldyage,  qui  permet  d'inscrire  la  video-radar  presente  en  coor¬ 
donnees  polaires,  dans  la  memoire,  a rch i tecturee  en  coordonnees  cartesiennes,  peut 
engendrer  des  defauts  dont  les  plus  evidents  sont  : 

-  la  perte  d' informations  radar  pour  des  distances  proches, 

-  une  image  avec  des  zones  noires  pour  les  distances  les  plus  grandes. 

Les  techniques  qui  permettent  de  supprimer  ou  de  compenser  ces  defauts  sont 
basees  sur  : 

-  une  harmonisation  entre  les  parametres  radar  et  ceux  de  la  memoire  d'image, 

-  des  techniques  de  traitement  au  niveau  des  points  memoire  ou  au  niveau  des  pixels 
de  1  '  image  , 

-  des  techniques  de  remplissage  par  interpolation. 

1  -  INTRODUCTION 

Les  dispositifs  de  presentation  des  informations  radar,  realises  avec  des  tubes 
remanents  ou  des  tubes  a  memoire  sont  progress i vement  remplaces  par  des  sytemes  de 
visualisation  presentant  I  ‘  i nf ormati on  s  ir  des  tubes  cathodiques  classiques  noirs  et 
blancs  ou  couleurs. 

L ' uti 1 i sati on  de  ces  tubes  necessite  1  'utilisation  de  circuits  e 1 ectroni ques  pour 
la  mii,e  en  forme  et  la  memorisation  des  informations. 

La  qualite  des  images  obtenues  depend  des  choix  effectues  au  niveau  de  1 'architec¬ 
ture  des  circuits  e 1 e c t r on i que s  et  au  niveau  du  mode  de  balayage  de  I'ecran.  Ces  choix 
sont  d'autant  plus  critiques  que  l’image  correspond  a  une  carte  radar  tres  dense,  telle 
que,  par  exemple,  une  carte  du  sol  dans  le  cas  d'un  radar  aeroporte. 

Dans  de  nombreuses  a pp 1 i c a t i on s  ,  pour  des  raisons  qui  ne  sont  pas  donnees  dans  le 
present  expose,  le  balayage  de  I'ecran  est  effectue  en  mode  "television".  Le  sinnal 
radar  en  sortie  des  circuits  de  traitement  est  delivre  sous  forme  "polaire".  La  conver¬ 
sion  de  balayage,  qui  permet  de  transformer  les  coordonnees  polaires  du  radar  en 
coordonnees  cartesiennes  de  la  television,  est  effectuee  par  les  circuits  eiectroniques 
dit  "de  conversion  de  balayage  et  de  memorisation".  Cette  convers  on  de  balayage  engen- 
dre  des  defauts  qui  nuisent  a  la  qualite  de  l'image  et  qui  peuvent  degrader  les  perfor¬ 
mances  du  radar. 

Le  but  du  present  expose  est  de  situer  les  parametres  de  la  conversion  de  balayage, 
de  mettre  en  evidence  les  defauts  qui  en  decoulent  et  de  proposer  des  techniques  qui 
permettent  de  les  supprimer  ou  de  les  compenser. 

2  ~  AR_C_HIJ  ECTURE  GENER  ALE  DES  CIRCUITS  D  E  CONVERS  1 0  N  DE  BAL  AY  AG  E  (planche  N  *  1) 

Les  circuits  de  conversion  de  balayage  sont  archi tectures  autour  d’une  memoire 
principale  qui  permet  de  Stocker  une  carte  radar  complete.  La  carte  radar  est  1 'ensemble 
des  informations  regues  par  le  radar  pendant  un  cycle  du  balayage  de  I'antenne. 


Les  circuits  d'ecriture  effectuent  1  ’  inscription  du  signal  video-radar  dans  la 
memoire  principale.  Le  calcul  des  adresses  des  points  a  inscrire  dans  la  memoire 
constitue  la  conversion  de  balayage  proprement  di te  (planche  N°  2). 

Les  circuits  de  lecture  delivrent  un  signal  video-composite  compatible  avec  le 
balayage  television  de  l'ecran  ;  le  contenu  de  la  memoire  est  lu  a  cadence  suffisante 
pour  assurer  une  presentation  sans  scintillation  (50  ou  60  Hz  ou  plus). 

3  "  CHA Lx_  .DES  CARACTER  1ST IQUES  DES  CIRCUITS  DE  CON V ERSION  DE  BALAYAGE 

Les  caracteri  stiques  des  circuits  seront  evaluees  dans  un  cas  bien  precis  dupli¬ 
cation.  L'adaptation  des  resultats  a  d'autres  cas  pourra  etre  effectue  le  plus  souvent 
par  simple  transposition. 

Le  radar  est  un  radar  aeroporte  qui  observe  le  sol  vers  l’avant  : 

-  le  mode  de  fonc ti onnement  est  la  cartographi e , 

-  le  secteur  balaye  par  le  faisceau  couvre  un  domaine  qui  a  ete  limite  a  plus  ou 
moi ns  60  degres  , 

-  le  signal  video  est  delivre,  apres  traitement,  sous  forme  echanti 1 1 onnee ,  recur¬ 
rence  par  recurrence.  Le  rang  de  1  1  echant i 1 1  on  dans  la  recurrence  donne  la  distance, 

-  la  position  angulaire  du  faisceau  (gisement)  est  fournie  par  le  c.lculateur  du 
radar  par  l  '  i ntermedi ai re  d'un  bus. 

Le  module  ecran  est  du  type  moniteur  de  television  : 

-  il  peut  etre  noir  et  blanc  ou  cou 1 eu r/ shadow-ma s k  , 

-  ses  dimensions  sont  relativement  faibles  pour  permettre  son  integration  dans  une 

.  I  a  nc  >ie  de  bord, 

-  un  balayage  de  ‘>12  lignes  de  512  points  (pixels)  est  suffisant  pour  effectuer  une 
uuuverture  hu-c^.ne  de  l'ecran, 

-  la  resolution  propre  de  l'ecran  est  moins  bonne  que  celle  qui  correspond  a  une 
iigne  ou  a  un  point  de  la  liqne  ;  cette  resolution  n'est  done  pas  degradee  par  le  choix 
du  nomore  de  lignes  et  de  points  par  ligne. 

} . 1 .  Choix  de  la  capacite  de  la  memoire 

La  resolution  de  la  memoire  ne  doit  pas  etre  inferieure  a  celle  de  l'ecran.  II  en 
resulte  que  la  capacite  minimale  de  cette  memoire  doit  etre  de  512  x  512  points. 

Le  nombre  de  bits  par  points  depend  du  type  d ’ app 1 i ca t i on .  Ces  bits  controlent  la 

luminance  et  la  chrominance  des  pixels  du  tube  : 

-  en  monochrome  le  nombre  de  bits  peut  etre  compris  entre  3  et  8  (souvent  4  bits), 

-  en  couleur,  3  ou  4  bits  peuvent  £tre  affectes  a  la  chrominance  et.  3  a  8  pour  la 
luminance. 

La  capacite  de  la  memoire  de  512  x  512  points  peut  etre  augmentee  pour  mettre  en 

oeuvre  dans  de  bonnes  conditions  des  fonctions  telles  que  : 

-  agrandi ssement  d'une  partie  de  l’image  pour  mieux  visualiser  certains  details 
( zoom )  , 

-  d£centrement  pour  decouvrir  une  zone  situee  en  dehors  de  l'ecran, 

-  remanence  , 

-  etc. 

Dans  tous  les  cas,  la  capacite  de  la  memoire  est  diment  i  onnee  pour  que,  apres  mise 
en  oeuvre  de  la  fonction  agrandi ssement  ou  d£centrement  etc,  la  nartie  de  la  memoire 
cor respondant  a  ce  qui  est  presente  sur  l'ecran  ait  une  capacite  de  512  x  512  points. 

3.2.  Parametres  des  circuits  d'ecriture 


Les  circuits  d'ecriture  regoivent  le  signal  video  radar  sous  forme  echanti 1 1 onnee 
recurrence  par  recurrence. 

Les  parametres  i  prendre  en  compte  sont  : 

-  le  nombre  N  d 'echanti 1  Ions  pour  la  distance  D  a  presenter  sur  l'ecran, 

-  1  'ecart  angulaire  &B  entre  deux  recurrences  successives. 
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-  la  precision  et  le  bruit  sur  la  valeur  de  la  direction  e  des  recurrences, 

-  la  precision  des  calculs  de  la  transformation  de  coordonnees. 

les  principaux  defauts  qui  apparaissent  a  l'ecriture  sont  : 

-  la  perte  d '  i nformati on  qui  se  produit  lorsque  plusieurs  echantillons  sont  inscrits 
dans  la  meme  cellule  memoire.  Sans  traitement  particulier,  seule  la  derniere  information 
inscrite  est  conservee.  Plusieurs  types  de  traitements  sont  possibles  parmi  lesquels 

la  conservation  du  “plus  grand"  ou  la  conservation  de  la  moyenne.  Ces  traitements  sont 
dits  "traitement  points", 

-  les  points  memoires  non  adresses  ;  sans  traitement  particulier,  ces  points  restent 
vides  et  donnent  des  pixels  noirs  ou  gardent  le  contenu  inscrit  au  balayage  precedent. 

L'analyse  geometrique  de  1 ‘operation  d'ecriture  montre  que  : 

-  le  nombre  d  ’ echant i 1 1 ons  en  distance  doit  etre  au  moins  egal  au  nombre  N  de  points 
memoires  sur  un  rayon,  soit  : 

N  >  512 

-  1 'ecart  angulaire  maximal  doit  permettre  d'inscrire  deux  points  memoires  conse- 
cutifs  en  limite  d'ecran  soit,  un  Ecart  as  de  : 

1/512  =  2  milliradians  *  0,1  degre 

Ces  valeurs  de  N  et  de  A9  seront  prises  comme  reference  dans  la  suite  de  1 'expose. 
3.3.  Circuits  de  lecture 

Les  circuits  de  lecture  delivrent  le  signal  video  composite  dans  un  format  compa¬ 
tible  avec  les  standards  de  television. 

La  lecture  de  I’ensemble  de  la  memoire  est  effectuee  a  la  meme  cadence  que  celle  du 
renouve 1 lement  de  1 'image  sur  I'ecran.  Cette  cadence  peut  etre  du  25  ou  du  30  Hz  comme 
dans  la  television  grand  public  mais,  pour  supprimer  les  phenomenes  de  scintillation, 
il  est  preferable  de  monter  a  50  ou  60  Hz. 

En  principe,  la  lecture  n'introduit  pas  de  defauts  mais,  l'ensemble,  compose  des 
circuits  de  lecture  et  de  I'ecran  TV  peut  engendrer  des  defauts  d'aspect  si  la  bande 
passante  des  circuits  n'est  pas  suffisante.  Les  figures  1,  2  et  3  de  la  planche  N°  3 
montrent  que  le  niveau  de  luminance  voulu  n'est  atteint  de  maniere  sa t i s f a i sa n te  pour  un 
point  isole  que  si  la  bande  passante  est  2  a  3  fois  superieure  a  la  cadence  de  repe¬ 
tition  des  points. 

Des  circuits  de  traitement  peuvent  etre  associes  aux  circuits  de  lecture  pour 
attenuer  les  consequences  des  defauts  crees  par  la  conversion  de  balayage.  Ces 
traitements  sont  de  type  filtrage  ou  filtrage  spacial  ;  des  exemples  de  ces  traitements 
sont  donnes  dans  la  suite  de  l'expose. 

4  -  M I  SC  EN  EVIDENCE  DES  DEFAUTS 

Les  caracteri stiques  qui  sont  prises  en  compte  pour  juger  de  la  qualite  de  la  carte 
radar  sur  I'ecran  sont  les  suivantes  : 

-  taux  de  remplissage  apres  un  balayage, 

-  qualite  de  la  restitution  des  formes, 

-  absence  de  perte  d  '  i nformati ons  , 

-  qualite  visuelle  de  I'image. 

Les  images  representees  sur  les  planches  suivantes  permettent  de  mettre  en  evidence 
les  defauts. 

Planche  N°  4  :  image  mettant  en  evidence  le  taux  de  remplissage  aprEs  un  balayage. 
Les  points  noirs  qui  apparaissent  sont  ceux  qui  n'ont  pas  etE  adresses  par  la  transfor¬ 
mation  de  coordonnees. 

Planche  N°  5  :  signal  video  radar  dont  les  echantillons  sont  a  1 terna t i vemen t  a  "1" 
ou  a  “0".  Si  la  restitution  E  t  a  i  t  bonne,  I'image  devrait  etre  composee  de  cercles 
concentriques  . 

Planche  N3  6  signal  video  dont  les  echantillons  sont  al ternati vement  deux  "1" 
suivis  de  deux  "0".  Les  cercles  plus  epais  et  plus  e  s  p  a  c  E  s  que  sur  la  planche  N 1  sont 
representes  con venab 1 ement  (les  points  manquants  ne  sont  pas  trEs  visibles). 

Planche  N°  7  figure  1  :  signal  video  dont  les  Echantillons  sont  al ternati vement  un 
"  1 "  suivi  de  quinze  0.  L'analyse  fine  montre  des  cercles  "troues"  vers  les  jrandes 
distances  et  vers  45  degrEs. 
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Planche  N9  8  figure  1  :  signal  video  compose  al terna ti vement  de  deux  recurrences  a 
"1"  su ivies  de  deux  recurrences  a  "0". 

Planche  N°  9  figure  1  :  une  recurrence  a  "1"  et  quinze  recurrences  a  "0‘‘. 

Pour  ces  deux  dernieres  planches,  la  restitution  des  formes  est  loin  d'etre 
sati  sfai sante . 

5  -  INFLUENCE  DES  PARAMETRES,  TECHNIQUES  D  '  AMEj.  1  OR  A  T I  ON 

5.1.  Influence  du  tra i tement  point 

Lorsqu'un  meme  point  memoire  est  adresse  plusieurs  fois,  sans  traitement  pa*-ti- 
culier,  seul  le  dernier  echanti lion  inscrit  est  conserve  et  don*:,  les  aut»es  »*rh,ir.  - 
t  i  1  Ions  sont  perdus.  Les  traitements  qui  peuvent  etre  appliques  au  niveau  d.*  ■  i  r  t 

memoire  pour  eviter  cet  inconvenient  sont 

-  conserver  1 'echant i 1 1  on  ayant  la  plus  grande  amplitude. 

-  effectuer  la  moyenne  des  echanti 1 1 ons . 

L  ’  u  t  i  1  i  sa  t  i  on  de  l'un  ou  1‘autre  de  ces  "  t  ra  i  temen  t  s  point''  depend  de  la  nature  du 
signal.  Dans  ce  qui  suit,  seule  1 ‘influence  du  traitement  "le  plus  grand"  est  analyse. 

Le  traitement  point  est  sans  action  sur  le  taux  de  remplissage,  mais,  son  effet  est 
fondamertal  pour  un  radar  car,  il  permet  de  ne  pas  perdre  les  echanti lions  de  plus 
fortes  amplitudes.  Les  effets  du  traitement  "le  plus  grand"  sont  eqalement  tres  nots 
sur  la  qualite  de  la  restitution  des  formes  ;  cet  effet  est  mis  en  evidence  sur  les 
figures  2  des  planches  7,  8  et  9  qui  sont  a  comparer  aux  figures  1  des  memes  planches. 

5.2.  Influence  du  nombre  N  d'echan t i 1 1 ons  e n  d i s  t an  ce 

Les  courbes  de  la  planche  N°  10  donnent  le  pourcentage  de  points  non  adresses  par 
rapport  au  nombre  total  de  points  dans  la  memoire  : 

-  dans  le  cas  de  reference,  avec  un  ecart  angulaire  de  0,1  degre  entre  recurrences 
(courbe  N 3  4),  le  taux  de  remplissage  est  bon  pour  N  =  512  et  devient  100  v  a  partir 
de  700  points, 

-  pour  un  ecart  angulaire  de  0,05  degre,  512  points  sont  suffisants  (courbe  N°  5), 

-  pour  des  ecarts  angulaires  plus  grands  que  0,1  degre  (courbes  Nc  1,  2  et  3)  il 
n'est  pas  possible  d'obtenir  un  taux  de  remplissage  de  100  ‘  quel  que  soit  le  nombre  N 
d  '  echant i  1 1 ons  . 

Les  courbes  de  la  planche  N 1  11  indiquent  la  repartition  des  points  non  atteints 
en  fonction  de  la  direction  de  pointage  9  pour  differentes  valeurs  de  N.  La  zone  la 
plus  mauvaise  est  situee  a  45  degres  (par  suite  de  la  symStrie  de  1‘imaae,  autour  de  0, 
seule  la  partie  droite  est  analysee,  avec  extension  du  domaine  balaye  jusqu'a  903). 

Le  nombre  d  ' e c ha n t i 1 1 ons  reels  dont  dispose  ie  radar  en  sortie  du  traitement  doit 
etre  adapte  au  nombre  d ‘echanti 1 1 ons  necessaires  pour  obtenir  une  bonne  image, 

1 'adaptation  peut  se  faire  : 

-  si  le  nombre  est  a  priori  trop  petit  :  en  su rechan t i 1  1  onn a n t  ou  en  repetant 
plusieurs  fois  une  meme  information, 

-  si  le  nombre  est  trop  grand  :  soit  effectuer  l'adaptation  direc*:ement  dans  les 
circuits  d'ecriture  gi5ce  au  traitement  “le  plus  grand",  soit  effectuer  un  regroupement 
prea  1  a b  1  e  . 

Le  meilleur  procede  pour  obtenir  une  bonne  carte  radar  est  d'adapter  la  resolution 
radar  et  la  resolution  de  l'ecran.  Il  ne  sert  a  rien  dans  un  mode  donne  d’avoir  une 
resolution  radar  tres  superieure  a  celle  de  l'ecran.  L'analyse  des  courbes  des  planches 
10  et  11  montrent  que  : 

-  un  nombre  d'echantillons  en  distance  egale  au  nombre  de  points  memoire  donne  deja 
des  resultats  sati sfai sants  , 

-  augmenter  le  nombre  de  points  radar  par  un  surechanti 1 1 onnage  dans  un  rapport 
entre  I  et  1,4  ameliore  sens i b  1  emen t  ces  memes  resultats, 

-  au-deld  d'un  rapport  1,4  le  surechanti 1 1 onnage  n'apport  plus  rien. 

5.3.  I n f 1 u e n c e  de  1‘ecart  angulaire  A 9 

Le  taux  (en  •'■)  de  points  non  inscrits  en  fonction  de  l’ecart  angulaire  est  donne 
sur  les  courbes  de  la  planche  12.  Les  differentes  courbes  correspondent  a  differentes 
valeurs  du  nombre  N  d'echantillons.  Ces  courbes  confirment  que  pour  N  <  512  (courbes  1, 
2,3)  quel  que  soit  A9,  la  quantite  de  points  non  inscrits  n'est  pas  tolerable. 


u- 


La  courbe  4  qui  correspond  au  cas  de  reference  avec  N  =  512  montre  que  les  perfor¬ 
mances  s ' ame 1  i oren t  quasi  lineairement  entre  l'ecart  de  reference  de  0,1  degro  et 

1  angle  moitie  ;  diminuer  l'ecart  au-dela  de  cet  angle  de  0,05  degre  n'apport''  plus 
d  '  ame 1 i orati on  sensible. 

Les  courbes  de  la  planche  13  montrent  que,  pour  une  surface  el ementai re  donnee,  a 
une  distance  donnee,  le  plus  grand  nombre  de  points  non  inscrits  est  situe  dans  la 
direction  a  45  degres  (voir  remarque  §  5.2.  planche  11). 

La  resolution  angulaire  du  radar  est  constante  ;  pour  les  radars  connus  cette 
resolution,  quasi  constante  en  fonction  de  la  distance,  est  situee,  en  ordre  de  gran¬ 
deur,  entre  0,1  degre  et  quelques  degres.  La  resolution  angulaire  vue  au  niveau  de 

I’ecran  est  directement  proporti onne 1 1 e  a  la  distance  ;  cette  resolution  tient  a  des 

criteres  objecfcifs  mais  egalement  a  des  criteres  visuels  plus  subjectifs.  Dans  les 
meilleures  conditions,  c '  est -a -dire  avec  N  >  7  00  points  et  A6  <  0,05  degres,  la 
resolution  peut  etre  estimee  a  : 

-  0,12  degre  pour  les  distances  les  plus  grandes  (planche  14,  couples  de  rayon  au 
pas  de  2  degres  avec  un  espace  entre  rayons  de  0,12  degre), 

-  0,25  degre  (en  moyenne)  a  mi-distance  (planche  15  :  couples  de  rayons  au  pas  de 

2  degres  avec  un  espace  entre  rayons  de  0,25  degre), 

-  1  degre  au  2/10  de  la  distance  maximale. 

La  position  angulaire  du  faisceau,  prise  en  compte  pour  les  calculs  de  transfor¬ 
mation  de  coordonnees,  est  : 

-  donnee  sous  forme  numerique  done  est  quantifiee, 

-  issue  de  mesure  et  de  calculs  done  est  affectee  d'un  bruit. 

La  quantification  et  le  bruit  doivent  etre  pris  en  compte  pour  1 'evaluation  de 
l'ecart  angulaire  maximal.  Par  exemple,  si  la  position  angulaire  9  est  donnee  en 
14  bits  avec  une  precision  de  +  1/2  LSB,  un  ecart  angulaire  theorique  '9  de  0,088  deqre 
(4  LSB)  sera  en  fait  equivalent,  vis-a-vis  de  la  qualite  de  1* image  a  u>.  ecart  de 
0,1  degre. 

6  -  AMELIORATION  DE  LA  QUALITE  DE  L' IMAGE  PAR  FILTRAGE 

La  quantification  de  I1  image  en  lignes  et  en  points,  au  niveau  de  I'ecran  proprement 
dit  et  au  niveau  des  circuits  de  memorisation,  donne  une  image  dont  la  texture  est 
necessa i rement  granuleuse.  Cet  effet  est  plus  ou  moins  visible  suivant  la  maniere  dont 
est  effectuee  la  conversion  de  balayage  et  egalement  suivant  la  nature  de  1 'image. 
L'effet  de  granulation  est  assez  sensible  sur  les  surfaces  a  faible  gradient  de 
variation  de  lumi nosite  et,  les  effets  de  la  quantification  sont  tres  marques  sur  les 
contours  a  formes  geometriques  (lignes  droites,  cercle,  etc.). 

Un  des  procedes  les  plus  efficaces  pour  reduire  ces  effets  consiste  a  effectuer 
un  filtrage  spatial  de  1 'image.  Les  figures  des  planches  14  et  15  donnent  des  exemples 
de  l'effet  de  tels  filtrages.  Le  filtre  utilise  effectue  une  convolution  spat i ale 
"3  x  3"  de  type  passe  bas . 

7  -  CONCLUSION 

Les  ecrans  de  visualisation  de  type  televison  etant  imposes  dans  de  nombreux 
systemes,  il  est  necessaire  d’effectuer  une  conversion  pour  adapter  le  balayage  en 
rotation  (polaire)  du  radar  au  balayage  en  translation  (cartesien)  de  I'ecran.  Cette 
conversion  qui,  dans  le  principe,  ne  peut  etre  effectuee  sans  degradation  de  la 
qualite  de  1 'image  peut  cependant  donner  des  resultats  tres  sa ti s fa i sants  si  les 
circuits  e 1 ectroni ques  qui  effectuent  1 'adaptation  sont  con venab 1 ement  parametres.  Les 
principales  conditions  a  respecter  pour  obtenir  de  bons  resultats  sont  : 

-  de  dimensionner  la  memoire  de  la  carte  radar  de  maniere  a  utiliser  au  mieux  les 
performances  de  I’ecran  soit  : 

.  un  nombre  de  lignes  memoire  egale  au  nombre  de  lignes  du  balayage, 

.  un  nombre  de  points  par  lignes  superieur  au  nombre  de  points  par  lignes  sur 
I’ecran  (entre  1  et  1,4), 

.  que  la  capacite  memoire  d£finie  ci-dessus  ne  concerne  que  la  partie  presentee 
sur  I'ecran,  i ndSpendamment  des  memoires  necessaires  pour  effectuer  des  zoom  ou  des 
d£centrements  , 


-  d‘ adapter  les  signayx  video  radar  avant  de  les  transferer  dans  la  memoire 
cl e  telle  mamore  due 

!«?  n  ombre  d ‘echan t il  Ions  en  distance  soit  au  moins  egal  au  nombre  de  points 
meniuires  c o r r e s p on d a n t  a  la  m£me  distance  ;  le  cas  optimal  etant  le  rapport  1,4, 

.  I'ecart  angulaire  entre  deux  recurrences  successives  soit  superieur  a  l'angle 
uermt*  1 1  ant  de  passer  d'un  point  a  la  plus  grande  distance  au  point  suivant  a  la  me  me 
distance.  Dos  ameliorations  reel les  sont  constatees  jusqu'a  un  rapport  2. 

-  d‘effectuer  un  traitement  au  niveau  du  point  memoire.  Ce  "  trai tement  po’nt" 
per met  de  ne  pas  perdre  des  informations  i ndi spensables  pour  la  detection  radar  et 

i .ii pur tantes  pour  la  restitution  des  formes.  Les  traitements  les  plus  simples  consistent 
i  garder  le  plus  grand  echantillon  ou  a  effectuer  la  moyenne,  des  echantillons  video 
inherits  dans  le  m£me  point  memoire. 

Lnfin,  une  amelioration  sensible  de  la  qualite  visuelle  peut  etre  apportee  par  un 
filtrage  spatial  passe  bas  de  la  carte  contenue  dans  la  memoire,  avant  de  la  presenter 
vj r  1  ’ ec  ran  . 

Dans  un  avenir  proche,  la  generalisation  des  ecran s  a  haute  resolution  associes  a 
des  memoires  de  grande  capacite  permettra  d'eliminer  les  consequences  des  derniers 
defauts  residuels  dus  a  la  conversion  de  balayaqe. 


Point  iso  14  Points  accoles 


Figure  1  :  bande  passante  insuffisante 


Point  isole  Points  accoles 

Figure  2  :  bande  passante  juste  suffisante  (bande  adaptee) 


Point  isole  Points  accoles 

figure  3  :  bande  passante  optimal? 


Pour  une  certaine  amhiance  lumineuse  exterieure,  la  partie  hachur£e  represente  la  luminance  effective 
des  points.  Planche  3 


Planche  12 


Planche  13 
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RESUME 

L  '  i ntegrati on  de  cartes  radar,  obtenues  avec  des  radars  aeroportes  £  antenne 
synthStique,  am£liore  la  quality  des  dites  cartes  par  augmentation  du  contraste  des 
echos  r£e1s  par  rapport  au  bruit  de  fond. 

L 'amel ioration  porte  plus  pa rt i cu 1 i ereroent  sur  le  bruit  dit  "granulation"  ou 
"speckle",  caract£ri s ti que  des  radars  coherents. 

L ' i n t£gra ti on  de  cartes  radar  representant  une  meme  scene,  obtenues  au  cours  de 
balayages  successifs,  done  sous  des  angles  et  a  des  distances  differents,  necessite 
une  compensation  precise  des  mouvements  du  porteur.  Cette  compensation  est  analysee 
dans  le  cas  d'un  stockage  des  echos  dans  une  memoire  archi tecturee  en  XY  et  dans  le 
cas  d'une  architecture  en  p-e. 

Oeux  types  de  filtres  sont  examines  : 

-  filtre  de  type  RC, 

-  filtre  moyenne  glissante. 

Oiff^rents  resultats  exper imen taux  sont  presents  pour  chacun  des  procedes  en 
analysant  les  avantages  et  les  i nconvenients  . 
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ABSTRACT 

All  o\er  the  world,  helicopters  are  gaining  increasing  significance  for  air  close  support,  airborne  landing,  tank  unit 
interdiction  and  both  helicopter  and  tank  engagement  missions. 

The  mission  phases  can  be  broken  down  as  follows: 

—  cruise  flight 

nose-on-earth  (NOE)  and  contour  flight 

—  wcap<  >n  delivery . 

To  support  these  mission  phases,  sensors  are  required  for 

—  obstacle  warning 

—  navigation 

—  moving  and  fixed  target  indication  for  weapon  designation. 

The  majority  of  the  present  systems  use  optical  and  infrared  sensors:  some  of  them  apply  laser  systems.  These  sensor 
systems  are  subject  to  considerable  limitations  with  respect  to  their  capability  of  penetrating  bad  weather  zones,  fog.  and 
battlefield  environment  (dust,  smoke,  man-made  fog  etc.).  T  his  paper  presents  the  design  concept  of  a  dual -frequency  radar 
operating  in  the  millimetre  wave  range:  it  avoids  these  drawbacks  and  complements  the  existing  sensors. 

It  consists  of  a  60  GHz  radar  subsystem  for  obstacle  warning  including  the  detection  of  w  ires  up  to  a  range  of 
approximately  500  m:  due  to  the  selection  of  a  frequency  in  the  absorption  line  of  oxygen  resulting  in  a  high  atmospheric 
attenuation  (16  dB  km),  the  susceptibility  to  interception  and  thus  also  to  interference  (LCM)  can  be  maintained  at  a  very 
low  level 

A  50  GHz  radar  subsystem  (attenuation  as  low  as  0.3  dB  kni)  with  its  range  of  approximately  5  km  against  targets  of 
interest  is  used  for  navigation,  fixed  and  moving  target  indication  as  well  as  weapon  designation. 

Due  it)  the  combination  of  the  two  subsystems  (50  60  (d  |/).  high-value  components  (antenna,  scanner,  receiver 
assemblies,  control  and  indicator  units)  can  be  used  jointly  lor  both  subsystems,  so  that  the  special  features  of  each 
subsystem  become  available  at  reasonable  expenses. 
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SUMMARY 

In  order  to  determine  susceptibilities  of  airborne  radar  to  Electronic  Counter  Measures  and  Electronic 
Counter-Counter  Measures  simulations  of  multistatic  and  backscattering  cross  sections  wr^e  developed  as 
digital  modules  in  the  form  of  algorithms.  Cross  section  algorithms  are  described  for  prolate  (cigar  shape) 
and  oblate  (disk  shape)  spheroids.  Backscattering  cross  section  algorithms  are  also  described  for  diffe¬ 
rent  categories  of  terrain. 

Backscattering  cross  section  computer  programs  are  also  written  for  terrain  categorized  as  vegetation, 
sea  ice,  glacial  ice,  qeological  (rocks,  sand,  hills,  etc.),  oceans,  man-made  structures,  and  water  bodies. 

PROGRAM  SIGTERRA  is  a  file  for  backscattering  cross  section  modules  of  terrain  (TERRA)  such  as  vege¬ 
tation  (AGCROP),  oceans  (OCEAN),  Arctic  sea  ice  (SEAICE),  glacial  snow  (GLASNO),  geoloqical  structures 
(GEOL),  man-made  structures  (MANMAD),  or  water  bodies  (WATER).  AGCROP  describes  agricultural  crops,  trees 
or  forests,  prairies  or  grassland,  and  shrubs  or  bush  cover.  OCEAN  has  the  SLAR  or  SAR  lookinq  downwind, 
upwind,  and  crosswind  at  the  ocean  surface.  3EAICE  looks  at  winter  ice  and  old  or  polar  ice.  GLASNO  is 
divided  into  glacial  ice  and  snow  or  snowfields.  GEOL  has  bare  soil,  sand,  lava  beds,  hills,  mountains, 
valleys,  rocks  or  boulders,  permafrost,  and  clay.  MANMAD  includes  buildinqs,  houses,  roads,  railroad 
tracks,  airfields  and  hanqars,  telephone  and  power  lines,  barqes,  trucks,  trains,  and  automobiles.  WATER 
has  lakes,  rivers,  canals,  and  swamps. 

PROGRAM  SIOAIP.  is  a  similar  file  for  airborne  (AIR)  targets  such  as  prolate  (PROLATE)  and  oblate 
(OBLATE)  spheroids. 


1  .0  INTRODUCTION  AND  OBJECTIVES 

The  effects  of  Electronic  Counter  Measures  (ECM)  and  Electronic  Counter-Counter  Measures  (FCCM)  on 
modern  radar  systems  are  very  difficult  to  evaluate  analytically.  These  difficulties  increase  w'ith  the 
continuously  changing  ECM  environment.  Current  airborne  radar  systems  have  been  desiqned  primarily  with 
basic  system  performance  as  the  major  objective.  Operation  of  these  systems  in  ECM  environments  has  not 
received  a  corresponding  level  of  evaluation.  Furthermore,  modern  radar  complexity  has  arown  with,  and  in 
some  areas,  paced  the  growth  of  technology.  When  this  growth  is  combined  with  fche  neglect  of  ECM,  the 
result  is  a  relatively  unknown  radar  system  performance  in  an  ECM  environment. 

During  the  last  few  years  there  has  been  an  increased  awareness  of  the  Warsaw  Pact  ECM  capability  and 
the  formidable  threat  it  presents  to  the  operation  of  our  airborne  radar  systems.  As  a  response  to  this 
threat,  the  Department  of  the  Air  Force  is  committing  resources  to  determine  various  suscept:bi 1 i ties  in 
its  radar  systems.  A  sequence  of  simulations  and  analyses  will  be  made  to  identify  these  susceptibilities 
and  areas  for  significant  ECCM  development. 

As  part  of  these  simulations  and  analyses,  digital  models  of  bistatic  and  backscatter i nq  cross  sec¬ 
tions  for  terrain  and  airborne  targets  were  developed.  Bistatic  and  backsca tteri nq  cross  section  computer 
programs  are  described  for  prolate  (cigar  shape)  and  oblate  (disk  shape)  spheroids.  Backscattering  cross 
section  computer  programs  are  described  for  terrain  cateqorized  as  vegetation,  sea  ice,  glacia1  ice, 
qeological  (rocks,  sand,  hills,  etc.),  oceans,  man-made  structures,  and  water  bodies. 

The  computer  programs  appear  in  the  Appendix  of  this  report.  When  referenced  in  the  text,  they  will 
be  written  in  CAPITAL  LETTERS.  Variables  and  parameters  referenced  in  the  text  will  be  written  in  (CAPITAL 
LETTERS)  within  parentheses. 


2.0  THE  RADAR  EQUATION 


The  fundamental  relation  between  characteristics  of  radar  systems,  terrain  and  airborne  tarqets,  and 
received  signals  In  the  radar  equation.  In  PROGRAM  RADAREQ,  the  radar  scattering  cross  section  nu(SIGMA) 
in  mz,  is  suitable  for  bistatic  and  monostatic  radar  systems.  In  bistatic  form,  received  power  (PRE)  in 
watts  is 
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where  P.  is  transmitted  signal  power  (PTR)  in  watts,  G  and  G.  are  receiving  and  transmitting  antenna  gains 
(GRE,  GrR),  and  R  are  distances  from  the  receiver  Snd  transmitter  to  the  target  (DISTR,  DISTT)  in  m,  ' 
is  the  signal  wavelength  (LAMDA)  In  m,  and  L  (r),  L  (t),  and  L  are  propagation  losses  over  receiver  to 
target  and  transmitter  to  target  paths,  and  System  fosses  (LRE*  LTR,  LSYS). 


In  monostatic  form,  transmitter  and  receiver  distances  to  the  target  are  identical  because  their  lo¬ 
cations  are  the  same,  and  the  same  antenna  transmits  and  receives,  so  that 


R,  *  Rr  ‘  R.  Gt  -  Gr  =  G. 
and  the  received  power  becomes 


Pr  * 


In  bistati;  form,  the  scattering  cross  section  (SIGMAB)  is  calculated  in  PROGRAM  BISPRUIMP  and 
PROGRAM  BISTATIC  for  prolate  (cigar  shape)  spheroid  targets.  The  letters  MP  designate  a  main  program 
without  subroutines.  In  these  programs,  prolate  pheroidal  coordinates  are  used  with  foci  (0,  0,  ?.), 

(0,  0,  -?)  (L)  and  families  of  ellipses  (when  rotated  about  the  major  axis,  a  prolate  spheroid  is  gener¬ 
ated)  of  constant  u(U).  The  equation  for  a  prolate  spheroid,  in  spherical  coordinates,  U,  T  and  ;,  is 
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with  2:0  equal  to  the  sum  of  the  focal  radii  at  the  point  (x,  y,  z)  on  the  surface  of  the  spheroid 


A  more  familiar  form  for  a  prolate  spheroid  is 
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where  a  and  b  are  the  major  and  minor  axes  (MAJAX,  MINAX).  The  scattering  cross  section  (SIGMAB)  in  this 
form  is  found  in  PROGRAM  BtSPPABMP  and  PROGRAM  BISPR0AB. 

A  similar  form  for  an  oblate  spheroid  is  found  with 


-1, 


in  PROGRAM  BIS0BLMP  and  PR0GPAM  BIS0BIAB  with  major  axes  (MAJAX)  in  the  x-y  plane  and  minor  axis  rMINAX) 
along  the  Z-axis. 

The  backscattering  cross  sections  (SIGMAB)  a^e  calculated  in  PPOGP.AM  M0NPPQLMP  and  PROGRAM  M0MPP0LAT 
fr r  prolate  spheroids  and  in  PROGRAM  M0N0BLMP  and  MON0BLATF  for  oblate  spheroids.  The  major  and  minor 
axes  format  is  used  in  these  programs. 

In  hackscattering  cross  sections  of  terrain,  the  differential  scattering  coefficient  (SIGFTV)  is 
developed  in  empirical  forms  in  PROGRAM  MGTfPPA.  If  a  subsequent  grant  is  received  for  additional  re¬ 
search,  tnis  program  will  be  "linked"  with  PROGPQM  SIGMAVTG  to  provide  a  more  detailed  -°  description. 
Since  is  the  scattering  cross  section  per  unit  area,  it  must  be  multiplied  by  the  terrain  area  under 
sirveillance  in  order  to  find  the  scattering  cross  section. 

Mot  included  are  pulse  widths,  antenna  patterns  as  functions  of  and  si gnal -to-noise  ratios  (SNR) 
in  terns  of  kT^B  noise,  receiver  noise  figures,  pulse  repetition  rates,  and  time  delays  between  pulses. 

Also  excluded  are  computer  programs  for  propagation  path  losses,  which  are  identical  for  monostatic 
radar  and  different  for  bistatic  radar.  Rain  attenuation  programs  would  include  raindrop  size  distribu¬ 
tion,  rainfall  rates,  rain  height,  and  slant  path  direction.  Snowfall,  hail,  and  fog  (sand  and  dust  in 
desert  areas)  attenuations  would  have  similar  parameters. 

1 .  n  ANALYSIS  OF  THE  P.ISTAT  IC  CROSS  SECTION  OF  A  PROLATE  S PH FRO  1 1) 

This  section  is  an  analysis  of  the  bistatic  radar  cross  section  r.f  a  perfectly  conducting  prolate 
spheroid  which  is  much  larger  than  the  wavelength  of  the  incident  signal.  The  geometrical  theory  of  op¬ 
tics  yields  useful  results  except  in  the  shadow  region  in  and  near  the  forward  direction.  In  Fg.  (1), 
the  first  part  was  arranged  in  a  fnrm  to  separate  the  bistatic  cross  section  (SIGMAB),  or  an  approximate 
value  (SB)  for  the  bistatic  cross  section.  The  power  density,  in  Fg.  (1),  reaching  the  target  $ 


"  *  4-n-  R*1  UPOT  > 


wh:1e  the  power  density  U  at  the  receiver  is 
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with  system  loss  L  assumed  to  occur  at  the  receiver.  Fguation  (K)  contaiis  the  bistatic  cross  section 
and  rearranging  results  in  .  . 
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Figure  1  is  the  coordinate  system  which  orients  the  prolate  spheroid  in  space.  The  major  axis  of 
the  spheroid  is  along  the  Z-axis.  The  ratio  of  major  axis  to  minor  axis  is  3.0  in  this  example.  The 
transmitter  lies  in  the  y-z  plane  which,  because  of  the  symmetry  about  the  Z-axis,  does  not  affect  the 
calculations  for  the  prolate  spheroid  or  for  subsequent  calculations  in  oblate  spheroid  and  backscattering 
cross  section  configurations. 

Figure  2  is  a  geometric  optics  picture  of  an  incident  ray  reflected  from  a  curved  surface  on  the 
spheroid.  The  incidence  direction  is  given  by  the  unit  vector  x  with  components  k.  (K(l))t  k.,(K(2)), 
k^(K(3))t  and  the  reflection  direction  is  given  by  the  unit  vector  V.  Since  the  spheroid  surface  is  con¬ 
vex,  there  is  no  interference  between  reflected  rays  from  different  reflection  points  on  the  surface. 

Thi s  divergence  allows  U  to  be  described  with  t',  and  the  decrease  of  reflected  power  density  with  dis¬ 
tance  r  from  each  reflected  point.  At  the  receiving  antenna  location,  r  equals  R  (01  ST) .  If  negligible 
path  loss  is  assumed,  l  (r)  is  approximately  unity.  Reflected  power  density  at  the  distance  r  is 
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where  F(rk)  describes  the  spreading  loss  associated  with  reduction  of  power  over  a  sphere  of  radius  r  sur¬ 
rounding  the  spheroid  In  the  £  direction. 

Each  reflection  point  P(x,  y,  z)  on  the  spheroidal  Surface  defines  a  tangent  plane.  With  the  expres¬ 
sion  for  the  prolate  spheroid  in  Eq.  (5),  the  normal  unit  vector  N  at  P  is 


with  the  coordinates  of  P  given  by  (P(l),  P(2),  P(3))  in  PROGRAM  BISPRABMP,  and  C  equal  to 
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The  coordinate  system  with  P  as  the  origin  appears  in  Fig.  2.  One  axis  is  in  the  N  direction.  The 
second  axis  is  in  the  direction  of  the  unit  vector  B, 
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and  the  third  axis  is  in  the  direction  of  the  unit  vector  f, 

T  =  N  x  B,  (14) 

where  B  and  T  define  a  tangent  plane  at  P.  B  was  chosen  because  of  symmetry  about  the  Z-axis.  It  is 
tangent  to  any  circle  formed  at  Z  =  constant,  and  is  normal  to  N. 

The  incident  and  reflected  waves  have  directions  given  by  unit  vectors  k  and  k,  with  components  of  k 
equal  to  { K ( 1 ) ,  K(2),  K(3))#  and  located  in  a  plane  containing  ft.  They  are  related  by 


k  *  k  -  2  (k  •  N)N. 


(15) 


With  the  reflection  direction  from  Eq.  (15),  the  spreading  loss  function  F(rk)  is  evaluated.  Figure  3 
illustrates  assumptions  for  this  evaluation.  Power  fs  reflected  from  the  $mall  Rectangle  in  the  B-T  plane 
with  sides  \T  and  yB.  Scalars  '  and  ,  are  small  increments  in  directions  T  and  B,  respectively.  Power 
reflected  passes  through  the  surface  formed  by  the  tips  of  the  vectors  rkQ  ,  rk^  ,  rk^,  and  rk^ .  The  sur¬ 
face  formed  by  the  tips  of  the.e  vectors  has  sides  ft-j  and  R ^ , 
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The  vectors  ^  and  ^  are  the  sides  of  the  rectangle  at  the  tips  of  r^  (i  =  0  to  3),  and  F(ri<0)  is 
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Maclaurin's  Series  is  used  to  find  the  first  two  terms  of  k^  and  k^ 
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where  the  derivations  are  claculated  in  SUBROUTINE  DERIVP.  Tor  the  oblate  spheroid  calculations,  SUBROU¬ 
TINE  DERIVO  is  used  instead  of  DERIVP.  With  prolate  spheroidal  coordinates,  SUBROUTINE  DERIVE  is  used. 
The  main  programs  are  also  different,  but  the  remaining  subroutines  are  the  same  for  the  above  spheroids 
and  for  the  backscattering  cross  sections  for  these  spheroids. 


With  substitution  of  Eqs.  (19)  and  (20)  into  Eqs.  (16)  and  (17),  R.  and  R~  become 
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and  with  Eg.  (23) ,  F(rk)  is 
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Equation  (24)  is  simplified  by  differentiating  Eg.  (15)  with  k  constant, 
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and  then  with  N  expressed  in  terms  of  x,  y,  z,  in  fq.  (11), 
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Since  has  the  form, 
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and  only  r  terms  are  kept, 
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In  PROGRAM  BISPRABMP,  the  Input  parameters  are  MAJAX,  MINAX ,  THETA,  D1ST,  INCAY,  and  INCAZ.  THETA  is 
the  angle  of  incidence  of  the  incident  field,  and  is  measured  from  the  positive  Z-axis  In  the  Y-Z  plane  in 
the  direction  of  the  positive  Y-axis.  MAJAX  and  MINAX  are  the  major  and  minor  axes  in  meters.  D I S T  is 
the  observation  distance  in  meters.  Coordinates  of  the  observation  distance  (OBSPNT)  are  measured  in 
angles  i ( ALPHA)  and  p(BETA).  Angle  a  is  in  the  Z-Y  plane,  and  is  measured  from  the  positive  Z-axis  toward 
the  positive  Y-axis  in  increments  of  i  (INCAZ).  Anqle  7  is  in  the  X-Y  p^ane,  and  Is  measured  from  the 
positive  Y-axis  in  the  direction  of  the  positive  X-axis  in  increments  of  (INCAY).  Conversions  to 
spherical  coordinates  ^ { THE! )  and  *(PHI)  are  made.  The  output  includes  ALPHA,  BETA,  THETA,  PHI,  SB,  and 
SIGMAB. 


4.0  BISTATIC  CROSS  SECTION  TOR  AN  OBLATE  SPHEROID 


PROGRAM  BIS0BLA8  and  PROGRAM  BISOBLAMP  are  similar  to  those  programs  for  the  prolate  spheroid.  Dif¬ 
ferences  are  in  the  major  (MAJAX)  axes.  Input  data  are  MAJAX,  MINAX,  DIST,  THETA,  INCAZ,  and  INCAT.  Out¬ 
put  data  are  ALPHA,  BETA,  THET,  PHI,  SB,  and  SIBMAB . 


5 . 0  BACKSCATTERING  CROSS  SECT  IONS  OF  PROLATE  AND  OBLATE  SPHEROIDS 

PROGRAM  MONOBLATE  and  PROGRAM  MONOBLMP  are  similar  to  programs  for  bistatic  cross  sections  of  oblate 
spheroids,  but  only  one  angle  is  considered  because  the  incident  angle  (THETA)  equals  the  backscattering 
angle  (THETA).  Input  data  are  MAJAX,  MINAX,  DIST,  and  THETA.  Output  data  are  THETD,  SIQMAB,  a. id  SB. 


6 . 0  SUBROUTINES  TOR  BISTATIC  AND  BACKSCATTERING  CROSS  SECTIONS  FOR  SPHEROIDS 

SUBROUTINE  ADD  (A,B,C)  adds  two  vectors,  A  and  B,  and  the  sum  is  a  thi'-d  vector  C.  The  vectors  are 
expressed  in  terms  of  components  along  the  x,y,z  axes. 

SUBROUTINE  CONVRT  (A,B,C,D)  takes  distance  (A)  and  angles  alpha  (B)  and  beta  (C),  and  converts  these 
to  the  observation  point  (D)  desired.  In  the  backscattering  model,  we  use  SUBROUTINE  CONVRT  (A,B,C), 
where  only  distance  (A)  and  angle  alpha  (B)  are  used  to  find  the  observation  point  (C).  In  this  case, 
alpha  equals  theta. 

SUBROUTINE  CROSS  (A,B,C)  is  the  cross  produce  of  one  vector  (A)  and  another  vector  (B),  equal  to  a 
third  vector  (C),  in  terms  of  components  of  each. 

•SUBROUTINE  DERIVL  (P,T,U,DLN)  yields  the  derivative  of  the  unit  vector  N  (DLN)  with  respect  to  1  in 
the  T  (T  direction,  or  with  respect  to  >  in  the  B  (T)  direction,  at  the  point  P  (P)  on  the  spheroid 
surface.  Rolate  spheroidal  coordinate  u  (U)  is  indicated  by  L  in  OERIVL.  When  major  and  minor  axes  are 
introduc.  d  as  input  data,  SUBROUTINE  DERIVP  (P,  T,  MAJAX,  MINAX,  DLN)  and  SUBROUTINE  DERIVO  (P,  T,  MAJAX, 
MINAx,  DIN)  are  used  for  prolate  and  oblate  spheroids. 

REAL  FUNCTION  DOT,  (A,  B)  finds  the  dot  product  of  two  vectors  (A,  B)  in  terms  of  their  components. 

The  resulting  scalar  is  DOT. 

SUBROUTINE  FINDKP  (K ,  N,  8,  T,  KPRIME )  imposes  the  N,  B,  T  coordinate  system  on  the  spheroid  at  the 
reflection  point.  The  vector  $  (B)  is  obtained  from  the  vector  ft  (N),  which  is  an  input  datum.  The  cross 
product  subroutine,  CROSS  (N,  8,  7),  finds  the  vector  f  (T).  With  Jc  (K)  as  an  input  datum,  k  (KPRIME)  is 
calculated. 

REAL  FUNCTION  MAG  (A)  is  the  magnitude  of  a  vector  (A)  with  three  orthogonal  components.  The  output 
datum  is  simply  MAG. 

SUBROUTINE  NORM  (A,  B)  is  the  vector  A  (A)  divided  by  the  magnitude  of  A,  yielding  the  normalized 
value  (B). 

IN  SUBROUTINE  SCLMLT  (A,  B,  C),  a  vector  (B)  is  multiplied  by  a  scalar  (A)  to  yield  another  vector  (C). 

SUBROUTINE  SUB  (A,  3,  C)  is  the  vector  difference  (C)  obtained  when  one  vector  (B)  is  subtracted  from 
another  vector  (A). 


7.0  BACKSCATTERING  CROSS  SECTIONS  OF  TERRAIN 

PROGRAM  SIGTERRA  is  a  file  for  backscattering  cross  sections  of  different  types  of  terrain  (TERRA) 
such  as  vegetation  (AGCROP),  oceans  (OCEAN),  Arctic  sea  ice  (SEAICE),  glacial  ice  or  snow  (GLASNO), 
geological  structures  (GEOL),  man-made  structures  (MANMAO),  or  water  bodies  (WATER). 

Vegetation  is  divided  into  agricultural  crops,  tree  cover  or  forest,  prairie  or  grasslands,  brushes, 
and  shrubs,  or  flower  cover.  Oceans  are  divided  into  the  radar  looking  downwina,  upwind,  and  crosswind 
at  the  ocean  surface.  Sea  ice  is  divided  into  winter  ice  (less  than  a  year  old)  and  old  or  polar  ice 
(more  than  a  year  old).  Glacial  ice  or  snow  is  divided  into  glacial  ice  and  snow  or  snowfields.  Geologi¬ 
cal  structure  is  divided  into  bare  soil,  sand,  lava  beds,  hills,  moutains,  valleys,  rocks  or  boulders, 
permafrost,  and  clay.  Man-made  structures  include  houses,  buildings,  roads  arid  highways,  airfields  and 
runways,  aircraft  hangars  and  farm  buildings,  railroad  tracks,  telephone  lines,  power  lines,  boats, 
barges,  ships,  automobiles,  trucks,  buses,  and  trains.  Water  bodies  include  lakes,  rivers,  canals, 
irrigation  ditches,  marshes,  and  swampland. 


PROGRAM  SIGAIR  is  a  similar  file  for  airborne  (AIR)  targets,  such  as  prolate  (cigar  shape)  spheroids 
(PROLATE),  oblate  {disk  shape)  spheroids  (OBLATE),  and  spheres  (SPHERES). 

PROGRAM  SIGMAVEG  receives  input  data  In  the  form  of  frequency  (FREQG)  of  the  Incident  wave,  type  of 
terrain  (VEGETA),  angle  of  incidence  of  the  incident  wave  (THETA),  and  actual  values  of  the  backscattering 
cross  sections  sigma.  o°  (SIGV)  for  incremental  values  of  anqle  of  incidence  (J)  and  increments  of  fre¬ 
quency  (FREQIN  (I)).  A  set  of  sigma  versus  theta  curves  are  computed  for  each  frequency  such  as  5,  10, 

15,  20,  25,  and  30  GHz.  Theta  increments  are  at  0,  5,  10,  15,  20,  and  25  degrees.  Interpolation  formulas 
yield  the  value  of  sigma  (SIGFTV)  at  the  actual  frequency  (FREQG)  and  actual  angle  of  incidence  (J).  Also, 
polarization  (POLAR)  is  included  in  the  form  of  HH,  VV,  HV ,  VH,  RHC,  and  LHC. 


9.0  RESULTS 


figures  4-7  show  •.  for  various  transmitter  positions.  The  observation  plane  is  the  y ,z  plane.  The 
prolate  spheroid  has  major  axis  one  unit  long,  and  minor  axis  .33  units  long.  ^  is  in  square  units. 

figure  8  shows  for  a  sphere  of  a  radius  one  unit. 

figures  8-11  shew  in  varying  cases  when  the  observation  plane  is  not  the  y,z  plane.  (These  are 
all  for  a  prolate  spheroid  with  major  to  minor  axis  ratio  of  3:1).  The  observation  plane  in  Figure  9 
contains  the  i  axis,  but  is  at  46°  with  respect  to  the  y  axis.  In  Figure  10,  the  observation  plane  is 
the  x,z  plane.  In  Figure  11,  the  observation  plane  is  the  x,z  plane,  but  rather  than  having  the  trans¬ 
mitter  on  the  v  axis  as  in  Graphs  7  and  8,  the  transmitter  is  at  30°  with  respect  to  the  z  axis  in  the 
/ , z  plane. 

figure  12  shows  when  the  major  axis  to  minor  axis  ratio  is  changed  from  3:1  to  10:1.  In  all  other 
respects,  this  the  same  as  figure  3. 

The  observation  distance  was  equal  to  1000  units  in  figures  4-1?. 

It  will  be  seen  immediately  that  for  a  prolate  spheroid  with  major  axis,  1  unit,  the  maximum  value 
of  -.  is  Figures  4-7  show  that  this  maximum  value  in  the  y-z  plane  is  at  130°  minus  the  transmitter 
angle  which  is  exactly  as  expected  in  terms  of  reflections,  and  geometrical  optics.  It  is  also  interes¬ 
ting  to  note  that  the  patterns  >n  Figures  4-7  are  exactly  the  same  except  for  being  rotated  in  space. 

Figures  7-10  show  another  aspect  of  this  pattern  in  space.  The  pattern  has  maximum  width  in  the 
plane  containing  the  transmitter  and  z  axis,  and  becomes  i ncreas i ngl y  narrow  as  we  rotate  the  observation 
plane  away  from  the  y,z  plane.  It  is  to  be  noted  that  the  value  of  as  we  approach  the  shadow  becomes 
underterminate .  In  the  x,y  plane,  =  -  for  all  angles,  while  in  the  y,z  plane,  approaches  .0270?. 

Figures  5  and  11  show  the  same  behavior  as  Figures  7-10,  except  that  the  transmitter  is  now  at  an 
angle  of  30°  with  respect  to  the  z  axis  rather  than  being  on  the  y  axis.  Again-,  the  pattern  approaches 
being  infinitely  thin,  and  is  indeterminate  as  we  approach  the  shadow. 

t.astly,  a  comparison  of  Figures  5  and  12  shows  the  effect  of  increasing  the  major  axis  to  minor  axis 
ratio.  If  the  prolate  spheroid  becomes  narrower  the  maximum  value  remains  -,  but  the  pattern  becomes  much 
narrower . 
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SUMMARY 


One  of  the  major  problems  encountered  In  developing  and  testing  any  target  classification  schere  Is 
the  collection  of  an  adequate  data  base  for  training  and  testing  the  classifier.  This  Is  particularly  a 
problem  If  one  oust  obtain  radar  Information  from  a  large  number  of  viewing  angles  and  over  a  large  number 
of  targets,  some  of  which  may  <e  unfriendly. 

This  paper  descri'  a  method  for  obtaining  this  Information  by  simulation.  Synthetic-Aperture 
Radar  signals  such  as  would  be  obtained  from  either  a  moving  or  a  stationary  ship,  are  simulated  and  It  Is 
shown  how  such  a  facility  can  be  used  in  the  development  of  an  automatic  ship  classification  system.  The 
Images  of  stationary  ships  are  used  to  train  and  test  the  classification  system  and  the  Images  of  moving 
vessels  are  used  to  show  how  the  classifier  performance  degrades  If  the  motion  is  left  uncorrected. 

A  readily  available  data  base  such  as  Jane's  Book  of  Ships  Is  used  to  compile  3-D  outlines  of  the 
vessels  of  Interest.  These  outlines,  accurate  down  to  the  l~m  level,  are  used  to  decompose  the  ship's 
superstructure  into  a  set  of  radar  scatterers.  The  returns  from  the  scatterers  are  then  sunaed,  taking 
into  account  the  viewing  angle  of  the  radar.  Using  this  technique,  the  radar  scattering  models  for  a 
complete  library  of  ships  can  be  formed,  and  the  library  used  to  develop  and  test  various  automatic 
classification  schemes. 

This  paper  will  give  examples  of  simulated  SAR  Images  of  ships,  and  compare  the  real  image  of  a 
particular  ship  to  Its  simulated  one.  The  limitations  of  the  technique  will  be  discussed,  and  the  use  of 
the  data  in  testing  an  actual  classification  scheme  will  be  briefly  outlined. 
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SUMMARY 

The  paper  gives  an  overview  of  requirements  and  applications  for  radar  simulations  per¬ 
formed  by  an  airframe  company. 

The  discussion  covers  offline  computer  models  either  as  stand  alone  or  implemented  within 
air  or  sea  combat  simulations.  The  use  for  online  models  reach  from  interface  simulations 
to  rather  complex  models  for  manned  aircraft  simulations. 

The  paper  presents  realized  examples  of  radar  models  for  air  or  sea  combat  simulations,  an 
experimental  engineering  tool  which  simulates  a  core  avionic  system,  a  1  versus  1  advanced 
flight  simulation  with  a  pilot  in  the  loop  and  a  radar  signal  simulation  implemented  in  a 
terrain  following  closed  loop  simulation  at  an  avionic  rig. 


1.  INTRODUCTION 

Radar  simulations  performed  by  airframe  companies  are  significantly  different  from  simula¬ 
tions  carried  out  by  radar  manufacturers.  Radar  companies  primarily  emphasize  the  detailed 
simulation  of  the  radar  itself  whereas  simulation  work  of  airframe  companies  has  to  cover 
overall  system  aspects. 

These  simulations  are  in  general  related  to  one  of  the  following  categories. 

Comparison  of  radar  systems  under  identical  operational  assumptions. 

Combat  simulations  to  evaluate  weapon  system  effectiveness  in  a  combat  scenario. 

-  Avionic  simulations  to  optimize  and  evaluate  system  or  subsystem  performance. 

Advanced  flight  simulations  with  a  pilot  in  the  loop. 

Avionic  rig  operations  with  equipment  simulation  or  stimulation. 

Typical  applications  at  MBB  cover  the  air  combat  simulation  with  a  program  called  SILKA 
and  a  naval  simulation  called  MKRIEG.  An  Experimental  System  Engineering  Tool  (EXSET)  is 
a  set  up  used  lo  evaluate  and  develop  avionic  system  concepts.  For  the  development  and 
performance  access  of  control -configured  aircraft  together  with  an  integrated  fire  flight 
control  system  an  advanced  flight  simulation  is  employed  with  a  pilot  in  the  loop.  Terrain 
Following  (TF)  system  tests  have  been  carried  out  with  the  help  of  a  TF-closed  loop  simu¬ 
lation. 

Fig.  1  shows  these  applications  and  their  relation  to  project  phases. 


2.  REQUIREMENTS 

Several  functions  of  airborne  radars  are  considered  in  this  paper  generally  divided  in 
air-to-air  and  air-to-ground  modes,  whereby  radar  mapping  functions  are  excluded.  Accord¬ 
ing  to  the  functions  radar  simulations  are  wide  spread  because  of  several  different  simu¬ 
lation  objectives.  Before  we  discuss  some  special  applications  of  adar  simulation  it  will 
be  helpful  to  establish  the  requirements  imposed  on  the  radar  system  simulation. 


2 . 1  GENERAL  ASPECTS 

The  basic  requirements  of  radar  simulation  arise  from  the  main  functions  of  radars  which 
are  detection  and  tracking . 


Detection 


Detection  of  a  target  of  interest  is  the  principal  function  of  the  radar.  To  simulate 
detection  performance,  the  detection  probability  can  be  calculated  as  a  function  of 
radar  parameters,  engagement  geometry,  target  attributes  and  interference.  A  firm  deci¬ 
sion  of  target  detection  can  be  derived  by  comparing  the  detection  probability  p  with  a 
random  variable  u,  distributed  uniformly  between  0  and  1.  A  detection  is  defined  if  u 
is  less  or  equal  p. 


Tracking 

The  radar  can  track  manoeuvering  targets,  which  have  already  been  detected,  along  their 
trajectory  by  performing  repeated  measurements.  To  simulate  track  performance,  the 
tracking  range  can  be  calculated  as  a  function  of  radar  parameters,  engagement  geo¬ 
metry,  target  attributes  and  interference.  For  modern  radars  single  as  well  as  multiple 
target  tracking  is  available. 

General  aspects  of  performance  simulation  cover  the  achievable  accuracy  of  radar  measure¬ 
ments  for  both  detection  and  tracking  and  the  influence  of  interference  on  radar  functions 
and  accuracy. 

Accuracy 


System  simulations  often  require  modelling  of  measurement  errors  which  may  be  calculat¬ 
ed  in  detail  or  with  certain  error  distributions  around  the  error  free  measurement 
values . 

Interference 


The  signals  received  from  the  targets  are  obscured  by  interference  which  might  be  ho¬ 
stile  jammers  or  clutter  portions  from  ground  sea  or  weather.  The  influence  of  inter¬ 
fering  signals  is  mainly  determined  by  signal  processing  of  the  radar  to  be  modelled. 
Therefore  especially  ECm  vulnerability  is  difficult  to  simulate  at  a  system  level  with¬ 
out  appropriate  inputs  from  the  radar  designer.  Based  on  our  experience  this  point  is 
one  of  the  problem  areas  of  radar  simulations. 

Integration  aspects  are  related  to  the  interaction  of  the  radar  with  the  overall  avionic 
system  or  to  the  operator.  From  a  system  point  of  view  quite  often  requirements  exist  for 
test-set-ups  to  simulate  the  radar  interfaces  very  accurately.  Normally  in  this  case  the 
simulation  of  performance  has  minor  importance. 

Interface  to  the  Avionic  System 

This  interface  is  to  be  simulated  if  the  radar  equipment  is  substituted  by  a  computer 
model  in  a  test-set-up  or  an  avionic  rig. 

Interface  to  the  Operator 

The  interface  to  the  radar  operator  is  characterized  by  the  radar  display  presentation, 
the  moding  of  the  radar  and  the  handling  by  the  operator  which  is  most  important  for 
simulations  with  a  pilot  in  the  loop. 

Signal  Generation 

Inserting  signals  entering  the  radar  receiver  means  a  simulation  of  the  radar  interface 
to  the  outside  world.  Since  the  radar  is  used  as  real  equipment  it  is  a  very  special 
radar  simulation  usually  called  radar  stimulation.  Depending  on  the  objectives  a  RF  or 
video  stimulation  can  be  applied. 

There  are  several  other  requirements  left,  that  are  placed  on  radar  simulations.  The  fol¬ 
lowing  one  is  of  major  importance. 

Processing  Time 

The  driving  factor  of  radar  simulation  is  speed,  especially  if  there  exists  a  real  time 
requirement.  Otherwise  even  for  large  offline  simulations  a  radar  model  is  invoked 
periodically  and  must  deliver  the  desired  results  in  a  certain  time  slot.  In  any  case 
speed  affects  costs. 

The  complexity  of  radar  models  is  tied  to  a  large  extent  to  the  simulation  objective  which 
determines  the  amount  of  detail  which  must  be  incorporated  in  the  simulation.  Since  modern 
multimode  radars  become  more  and  more  sophisticated,  simulation  complexity  grows  rapidly. 
This  in  turn  affects  the  effort  necessary  to  establish,  test  and  verify  the  models.  Final¬ 
ly  complex  radar  simulations  usually  require  a  number  of  detailed  input  data  which  must  be 
provided  by  the  radar  designers. 


2.2  RADAR  MODEL  CHARACTERISTICS 

Offline  radar  models  are  used  as  stand  alone  computer  simulation  for  radar  comparisons. 
The  output  of  these  models  is  the  single  scan  or  cumulative  probability  of  detection 
versus  range.  For  the  calculation  the  following  aspects  have  to  be  considered. 


-  Radar  parameters  including  details  of  signal  processing. 

-  Target  fluctuation  and  radar  cross  section. 

-  Atmospheric  attenuation  due  to  weather. 
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-  Ground  clutter  depending  on  waveform  and  geometrical  situation. 

-  Performance  degradation  due  to  jammers. 

The  most  critical  point  for  this  kind  of  simulat-  ->n  is  the  need  for  a  number  of  detailed 
radar  data  which  are  not  easily  available  on  moc.  cn  radars.  Therefore  in  many  cases  a 
first  approximation  is  a  parameter  assessment  which  can  be  adjusted  by  comparing  simula¬ 
tion  results  with  those  of  the  radar  manufacturers. 

Offline  radar  models  more  often  are  embedded  in  an  overall  air  or  sea  combat  simulation 
with  quite  a  lot  of  radar  platforms  equipped  with  different  radars  like  pulse  or  pulse 
doppler  systems  for  airborne  or  shipborne  applications  and  for  missile  seeker  heads. 

An  air-to-air  combat  simulation  deals  with  bombers  and  fighters  which  have  to  be  appro¬ 
priately  modelled  with  respect  to  manoeuverability  and  tactics.  Each  platform  has  to  be 
supplied  with  sensor  models  (e.  g.  radar,  radar  warning  etc.)  with  weapon  models  which  in 
turn  contain  sensor  models  and  some  sort  of  fire  control  algorithms. 

In  general  the  result  of  the  simulation  is  a  mass  of  detail  information  like  times  of  mis¬ 
sile  launches,  numbers  of  missiles  fired,  plots  of  the  platform  motion  as  well  as  missile 
trajectories,  kill  probabilities  and  exchange  ratios. 

Fig.  2  shows  a  typical  SILKA  plot.  The  solid  lines  mark  the  aircraft  manoeuvres,  the  dash¬ 
ed  lines  are  drawn  for  the  missile  trajectories  with  the  dotted  lines  indicating  the  mis¬ 
sile  active  phase. 

Because  of  the  above  mentioned  complexity  of  such  simulations  all  models  including  radar 
have  to  be  fairly  coarse.  The  radar  models  for  this  kind  of  application  shall  be  able  to 
deliver  detection  ranges,  track  ranges,  track  accuracies  and  they  should  account  for  dif¬ 
ferent  radar  modes,  weather  and  jammer  effects. 

The  decision  of  radar  detection  is  derived  from  detection  probability  which  is  based  on 
signal-to-interference  ratio,  taking  into  account  receiver  noise,  weather  and  jammer  in¬ 
fluence  and  ground  clutter  which  is  most  critical  for  pulse  doppler  radars.  For  this  type 
of  simulation  it  is  too  complicated  to  calculate  clutter  distributions  in  the  range  dopp¬ 
ler  domain.  Instead  it  is  possible  \.o  work  with  general  approximations  or  look  up  tables 
wl  ch  may  be  derived  from  the  above  mentioned  stand  alone  radar  simulation. 

Online  radar  models  normally  substitute  real  radar  equipment  for  test  facilities  like 
EXSET  or  avionic  rigs.  For  these  applications  the  main  requirements  are  low  processing 
time  to  allow  real  time  simulations  and  an  accurate  modelling  of  the  system  interface. 
Detection,  tracking  and  accuracy  have  to  be  modelled  depending  on  the  actual  application 
which  might  cover  the  complete  range  of  very  coarse  to  very  detailed  simulation  models. 
That  applies  also  for  the  moding  and  handling  aspects. 

The  most  demanding  radar  models  generally  are  required  for  an  advanced  flight  simulation 
because  they  have  to  show  a  very  realistic  radar  characteristic  to  the  pilot.  Therefore 
the  radar  simulation  must  contain  a  detailed  moding  and  handling  module,  it  has  to  show 
appropriate  response  times  to  the  pilot  and  must  be  able  to  deliver  representative  display 
information.  This  requires  e.  g.  details  of  antenna  scan  and  a  fairly  detailed  operational 
performance  of  detection,  track  and  their  associated  accuracies. 

Online  signal  simulations  usually  are  neccessary  to  simulate  real  radar  equipment  inte¬ 
grated  in  test-set-ups  or  rigs.  In  general  the  requirements  for  signal  simulation  are  tied 
to  the  radar  system  response  which  in  turn  is  the  result  of  signal  and  data  processing. 
Depending  on  the  actual  application  RF  or  video  simulations  can  be  used. 

Online  signal  simulations  will  be  performed  for 

-  Performance  investigation 

-  System  validation 

-  Auto-TF  clearance  achievment 

-  Initial  pilot  training 

The  simulation  categories  are  shown  in  table  1. 


3.  EXAMPLES  FOR  RADAR  SIMULATIONS 

In  the  following  some  typical  examples  for  radar  models  used  in  weapon  system  simulation 
at  MBB  are  presented.  Requirements  as  pointed  out  in  para.  2.1  are  summarized  in  table  2 
as  they  apply  to  the  examples  which  will  be  discussed  in  the  subsequent  paragraphs. 


3.1  RADAR  MODELS  FOR  COMBAT  SIMULATIONS 

3.1.1  MKRIEG 

The  purpose  of  the  operational  model  MKRIEG  is  the  evaluation  of  weapon  systems  effective¬ 
ness  within  the  scope  of  naval  operations. 


In  the  model  different  navy  weapon  systems  are  represented  within  assumed  scenarios  allow¬ 
ing  naval  operations  like  the  concentration  of  naval  forces  in  the  presence  of  air  threat 
and  a  subsequent  sea  combat  in  a  time  frame  of  several  hours.  Anti-ship  weapons  are  also 
modelled  in  a  way  that  the  influence  of  different  technical  parameters  can  be  investigat¬ 
ed.  Ship-to-ship  and  ship-to-air  combat  can  be  simulated  simultaneously  with  a  maximum  of 
48  participants. 

The  simulation  is  executed  step  by  step  in  time  based  on  a  Monte  Carlo  method.  A  scenario 

can  be  set  up  and  technical  parameters  can  be  fixed  via  inputs.  The  outputs  of  the  model 

deliver  the  progress  of  the  combat,  a  statistic  of  certain  events  like  detections,  missile 
launches,  kills  etc.  and  a  graphical  representation  of  the  results  as  well. 

In  the  model  MKRIEG  a  pulse  radar  model  of  a  search  radar  on  ships  against  air  and  sea 

targets  and  a  LPRF  pulse  radar  model  of  an  airborne  radar  against  sea  targets  are  imple¬ 

mented.  Modelling  is  accomplished  with  the  help  of  formulas  and  equations  wherein  the  fol¬ 
lowing  quantities  can  be  varied. 

-  Radar  parameters 

-  Clutter  depending  on  sea  state  and  rain  rate 

-  Atmospheric  attenuation  due  to  weather  conditions 

-  Radar  cross  section  of  the  target 

-  Jammer  parameters 

The  radar  model  increases  the  efficiency  of  the  overall  simulation  with  respect  to  opera¬ 
tional  performance  e.  g.  detection  and  accuracies.  Fig.  3  shows  a  simplified  program  flow 
chart  of  the  airborne  radar  model  after  the  geometrical  target  detection  in  azimuth  and 
elevation.  During  program  initialization  at  the  first  call  of  the  model,  numerical  values 
are  introduced  for  the  desired  parameter  and  calculation  is  executed  for 

the  integrated  pulses  per  scan 
the  detection  threshold 
the  atmospheric  attenuation 
the  rain  attenuation 
the  maximum  radar  range. 

To  cope  with  an  ECM  environment,  the  received  jamming  power  is  calculated  if  the  actual 
target  range  does  not  exceed  the  maximum  detection  range.  For  the  detection  calculation 
the  power  ratio  of  signal  to  interference  S/I  is  determined.  The  interference  power  I  com¬ 
prises  all  unwanted  power  portions  like  noise,  clutter,  rain  backscatter  and  jammers- 

After  having  determined  the  signal  to  interference  ratio  S/I  the  detection  probability  is 
calculated,  which  is  a  function  of  S/I,  the  detection  threshold  and  the  number  of  the  in¬ 
tegrated  pulses.  From  the  probability  of  detection  a  firm  decision  for  detection  is  deriv¬ 
ed  using  the  statistical  process  pointed  out  in  para.  2.1.  In  a  further  step  the  calculat¬ 
ed  values  of  range,  angles  and  their  derivatives  are  changed  by  error  values.  For  these 
errors  a  normal  distribution  is  assumed. 


3.1.2  SILKA 

SILKA  is  a  deterministic  m-versus-n  air  combat  simulation.  It  consists  of  offensive  weapon 
systems  like  bombers  and  escort  fighters  and  air  defence  fighters.  All  weapon  systems  are 
represented  by  aircraft  and  weapon  capabilities  as  well  as  avionic  or  sensor  performance 
and  counter  measures.  The  number  of  blue  interceptors  is  limited  to  four,  the  red  attack 
formation  may  consist  of  up  to  26  aircraft.  Using  preliminary  simulations  like  CAP  or  GC1 
models  input  data  for  SILKA  such  as  geometry,  fuel-  and  armament  status,  altitude,  speed 
and  information  status  are  produced. 

For  SILKA  a  time  intervall  of  1  second  is  used,  but  there  exists  the  possibility  to  apply 
a  seperate  time  step  of  .1  second  for  certain  decisions.  As  it  was  mentioned  earlier,  the 
model  is  deterministic  to  decisions  but  stochastic  with  respect  to  detection  and  missile 
effectiveness.  To  get  reliable  statistical  results  it  is  necessary  to  perform  about  30  - 
50  simulations. 

Both  pulse  and  pulse  doppler  radars  are  modelled  in  SILKA  at  the  level  of  signal  to  inter¬ 
ference  analysis.  The  pulse  doppler  radar  originally  represented  in  SILKA  was  a  High  PRF 

coherent  radar.  Some  improvements  with  respect  to  Medium  PRF  modes  have  been  implemented 
during  the  last  years. 

A  Track -While-Scan  mode  was  made  available  which  can  not  be  entered  until  the  signal  to 
interference  ratio  for  a  target  has  raised  above  a  threshold  corresponding  to  the  Medium 
PRF  noise  and  clutter  level  for  the  given  circumstances . 

For  the  pulse  doppler  radar  the  following  modes  of  operation  are  available. 

Velocity  Search 
Range-While-Search 
-  Track-While-Scan 
Sing le-Target -Track 
Silent 


The  normal  mode  of  operation  is  to  run  the  model  in  Velocity  Search  or  Range-While-Search 
until  the  detection  probability  on  a  particular  target  rises  above  a  threshold  value  at 
which  the  model  shifts  to  a  Track -Whi le-Scan  mode  and  attempts  to  establish  track. 

If  a  preset  threshold  of  the  cumulative  probability  of  detection  is  crossed,  a  successful 
track  is  declared  and  track  information  is  made  available. 

Fig.  4  shows  the  cumulative  probability  of  detection  increasing  with  combat  time. 

A  single  target  track  facility  is  also  available  and  finally  the  radar  can  be  flown  in  a 
silent  condition  being  activated  by  tactical  considerations  for  example  receipt  of  a  radar 
warning  detection. 


3.2  EXSET 

EXSET  stands  for  Experimental  System  Engineering  Tool.  The  main  task  of  EXSET  is  practical 
and  realistic  development  and  optimization  of  system  concepts  for  the  avionic/armament 
system  of  future  fighter  aircraft. 

A  block  diagram  of  EXSET  is  shown  in  fig.  5.  The  set  up  consists  of  a  simulation  computer 
PDP  11/60  on  which  aircraft,  sensor  and  target  models  are  installed.  A  seperate  computer 
which  can  be  programmed  in  ADA  is  used  as  attack  processor.  All  the  display  surfaces  and 
the  voice  command  and  warning  system  are  driven  by  a  display  management  processor.  An 
interface  unit  allows  access  to  an  multifunction  keyboard  and  various  analog  or  discrete 
signals.  All  the  equipment  listed  above  are  interfaced  to  a  MIL-1 S53B  avionic  bus.  Based 
on  this  bus  architecture  EXSET  has  high  flexibility  to  cope  with  additional  equipment  or 
changing  test  requirements.  During  the  different  phases  of  EXSET  upgrades,  computer  models 
used  will  be  replaced  step  by  step  by  real  avionic  systems  in  order  to  limit  the  models  to 
a  minimum. 

Embedded  in  the  core  avionic  system  of  EXSET  is  a  radar  model  fed  from  an  appropriate  tar¬ 
get  model.  Several  targets  can  be  generated  flying  on  preprogrammed  courses  or  operator 
controlled  by  joysticks. 

Since  a  multimode  air-to-air  pulse  doppler  radar  has  to  be  simulated,  the  following  modes 
have  to  be  implemented. 

-  Air  Combat  Mode  (ACM)  with  three  different  scan  patterns,  autoacquisition  and  lock-on- 
reject  facility. 

Range-While-Search  (RWS)  with  selectable  scan  patterns,  appropriate  display  information 
and  target  designation. 

-  Single-Target-Track  (STT) 

Track-While-Scan  (TWS)  for  up  to  8  targets  with  target  priority  allocation. 
Raid-Assessment  Mode  (RAM). 

Fig.  6  shows  the  context  of  the  radar  model  for  EXSET. 

The  target  model  which  provides  target  data  to  the  radar  is  part  of  the  environment  simu¬ 
lation.  Radar  information  data  are  presented  to  the  pilot  on  the  displays.  System  control 
represents  these  functions  of  the  avionic  system  which  either  controls  the  radar  or  pro¬ 
cesses  radar  data. 

Fig.  7  is  a  graphic  presentation  of  the  highest  level  functional  analysis  of  the  radar 
model.  The  MIL-bus  interface  appears  as  data  store  for  all  radar  inputs  and  outputs  except 
target  data. 

Due  to  the  fact  that  EXSET  works  on  a  real  1553B  avionic  Bus,  the  MIL-Bus  interface  has  to 
be  modelled  very  realisticly  including  radar  status  information,  track  8tatu9  and  track 
data.  Therefore  emphasis  was  given  to  the  interface  simulation  at  this  early  state  of 
EXSET. 

At  present  detection  performance  is  of  minor  importance.  Thus  it  is  Kept  as  simple  as  pos¬ 
sible  allowing  targets  to  be  detected  and  tracked  within  fixed  ranges  and  within  the  scan 
limits.  However  a  more  sophisticated  detection  module  can  be  easily  implemented  using  the 
modified  algorithms  developed  for  the  offline  pulse  doppler  simulation  and  a  realistic 
simulation  of  the  antenna  scan  which  has  been  developed  for  the  manned  simulation. 

At  a  later  stage  error  models  have  to  be  included  to  detor iarnte  the  error  free  target 
data  to  check  system  performance  with  respect  to  error  sensitivity. 
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3.3  ADVANCED  PLIGHT  SIMULATION 

Advanced  flight  simulations  with  pilots  in  the  loop  became  more  and  more  realistic  tools 
for  pilot  training  without  spending  fuel,  ammunition  or  missiles  and  service  life  of  the 
airframe.  For  this  kind  of  simulation  there  exists  a  large  variety  of  applications  for  an 
airframe  company. 

At  first  the  simulation  can  be  used  for  the  development  and  optimization  of  the  man-ma¬ 
chine  interface.  That  includes  the  display,  control  and  warning  concept,  the  cockpit  lay¬ 
out  and  the  pilot  vision  evaluation  of  future  aircraft. 

At  second  the  simulation  is  a  very  valuable  tool  to  complement  and  extend  operations  re¬ 
search  studies  or  offline  air  combat  simulations.  In  that  sense  a  flight  simulation  is 
used  to  evaluate  weapon  system  effectiveness  with  respect  to  advanced  aircraft  layout, 
avionic  or  flight  control  concepts,  e.  g.  control  configured  aircraft,  fuselage  aiming  or 
integrated  fire  flight  control  system. 

Finally  a  flight  simulation  allows  pilot  evaluation  of  flyability  and  acceptability  under 
operational  conditions  and  tactical  analysis  of  high  dynamic  air-combat  duel  situations. 

The  advanced  flight  simulation  facility  at  MBB  up  to  now  was  equipped  with  a  computer  gen¬ 
erated  image  system  and  a  beam  splitter  which  is  presently  replaced  by  a  projection  dome. 
Fig.  8  shows  a  simplified  block  diagram  of  the  advanced  flight  simulation.  All  the  simula¬ 
tion  models  including  radar  are  installed  on  a  HEP  1  computer. 

The  radar  model  is  based  on  a  modern  state  of  the  art  pulse  doppler  fighter  radar  but  only 
the  air-to-air  modes  being  modelled.  A  module  serving  for  radar  moding  and  handling  has 
been  established  according  to  the  controls  concept  of  a  future  single  seated  fighter  air¬ 
craft.  At  present  a  very  comfortable  antenna  scan  module  is  developed  which  allows  the 
pilot  to  select  various  scan  pattern  and  to  adjust  azimuth  offset  and  tilt  of  the  patterns 
within  the  gimbal  limits.  The  output  of  the  antenna  module  is  used  to  decide  on  geometri¬ 
cal  detection  of  the  targets  and  to  drive  some  basic  display  functions  like  azimuth  sym¬ 
bol,  elevation  bar  indication  and  target  presentation. 

For  the  range  calculation  a  derivative  of  the  simple  SILKA  algorithms  is  utilized  up  to 
now,  which  is  planned  to  be  replaced  by  a  more  sophisticated  module  in  the  near  future. 

Further  upgrades  are  concerned  with  error  models  and  the  influence  of  an  ECM  environment. 


3.4  TERRAIN  FOLLOWING  CLOSED  LOOP  SIMULATION 

Starting  development  of  a  TF-system  a  pure  digital  simulation  consisting  of  adequate  mo¬ 
delled  equipment  is  used  to  optimize  the  whole  TF-loop. 

For  a  more  representati ve  simulation  a  rig  was  built  up  to  include  the  original  aircraft 
hardware.  For  TF-simulations  the  following  equipment  of  an  overall  "Integrated  Avionic/ 
Armament  Test  Rig"  have  been  used  (Fig.  9): 

Terrain  Following  Radar  (TFR ) 

Radar  Altimeter  (RAD/ALT) 

E-Scope 

Central  Computer 
Head  lip  Display  (HUD) 

Autopilot 


The  test  rig  cockpit  is  identical  to  the  aircraft  layout  to  provide  the  possibility  of  a 
pilot  in  the  loop.  The  TF  loop  has  been  closed  via  a  simulation  computer  which  contains 
the  aircraft  model,  the  engine,  the  undercarriage,  the  Command  and  Stability  Augmentation 
System  (CSAS)  and  the  actuators  as  welL  as  the  sensors  like  Inertial  Navigator  (IN),  Se¬ 
condary  Attitude  and  Heading  Reference  ( SAHR ) ,  Air  Data  Computer  (ADC)  and  the  Doppler. 

Because  the  TF-algorithms  and  a  Lot  of  monitors  are  executed  in  the  radar  processor,  the 
real  TF-radar  was  used  instead  of  a  simulation  model.  Thus  the  TF-radar  has  to  be  stimu¬ 
lated  with  none  or  only  minor  equipment  modi f ications  and  of  course  with  acceptable  ef- 


For  the  TF  simulation  an  additional  microprocessor  is  used  for  the  real  time  computation 
of  the  distance  between  aircraft  and  terrain.  For  this  purpose  various  types  of  terrain 
are  stored  in  the  processor.  Using  actual  radar  antenna  look  angle  and  attitude  data  the 
range  will  be  computed  and  submitted  to  the  TF-radar  via  a  delay  generator  (Fig.  10).  So 
in  this  case  the  radar  simulation  reduces  to  radar  signal  simulation. 

In  general  the  set-up  was  designed  as  a  video-stimulation  because  of  the  high  effort  a 
RF-stimulat ion  would  require.  Therefore  the  RF-sections  of  the  radar  are  not  used  for  this 
purpose.  The  choice  of  video  rather  than  RF-stimulation  is  due  to  the  fact  that  the  test 
set  up  is  treated  from  an  overall  system  level  rather  than  an  equipment  level.  Another 
important  system  aspect  -  the  radome  influence  on  system  performance  -  was  explicitly 
excluded. 
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From  the  radar  the  following  signals  are  supplied  via  a  special  designed  interface: 

-  Momentary  antenna  look  angle  which  is  used  by  the  microprocessor  to  calculate  the  range 
to  the  stored  terrain. 

-  The  Master  Trigger  signal  actually  derived  from  the  transmit  pulse,  which  is  used  as 
the  trigger  signal  of  the  delay  generator  whose  delay  time  is  programmed  from  the  mi¬ 
croprocessor  according  to  the  range  calculated. 

-  Test  signals  sent  during  the  antenna  reversal  on  top  end  of  scan  which  must  be  supplied 
to  the  radar  receiver  to  prevent  a  radar  failure  situation. 

A  comparison  of  simulation  results  and  actual  flight  test  data  shown  in  Fig.  11  indicates 
a  very  good  agreement  which  in  turn  means  that  the  simulation  satisfactory  represents 
actual  weapon  system  performance. 


4.  CONCLUSION 

Modern  multifunction  radars  have  major  influence  on  weapon  system  performance.  To  demon¬ 
strate  weapon  system  effectiveness,  simulations  have  to  be  performed  with  emphasis  placed 
on  system  aspects.  The  requirements  for  simulations  change  with  project  phases.  During 
later  project  phases,  radar  designers  normally  participate  in  simulation  work  carried  out 
by  airframe  companies.  However  during  competition  in  early  project  phases,  radar  manu¬ 
facturers  are  well  advised  to  support  simulations  which  will  reflect  the  operational  bene¬ 
fit  of  their  advanced  multimode  radar  systems. 


VMI 


Radar  Sensor  Simulation 

Radar  Signal  Simulation 

Off-Line 

Simulations 

Pulse/pulse-doppler 

models 

Models  for  combat 
simulations 

•  MKRIEG/SILKA 

To  be  performed  by 
radar  designers 

On-Line 
(Real  time) 
Simulations 

Equipment  substitution 
for  test  facilities 

*  EXSET 

*  Avionic  rig 

Manned  Simulation 

Equipment  stimulation 
for  ground  test  facilities 
•  RF  stimulation 
■  Video  stimulation 

TF  Closed  Loop 

Table  1 :  Simulation  categories 


\  Requirements 

Simulation  \ 

Model  \ 

Detection 

T  racking 

Accuracy 

Influence  of 

Interference 

Interface  Simulation 

Handling 

Signal  Generation 

Processing  Time 

MKRIEG 

X 

X 

X 

X 

SILKA 

X 

X 

X 

X 

X 

EXSET 

X 

X 

IX) 

X 

X 

X 

FLIGHT  SIMUL. 

X 

X 

X 

X 

X 

X 

TF  Closed  Loop 

X 

X 

X 

Table  2:  Requirements  of  radar  simulation  applications 


S .  ART 


Combat  Time  [sef  | 


*V- 1  I 


Fig.  5:  EXSET  block  diagram 


Radar  info  Data 


Pilot 

Info 


Fig.  6.  Context  of  the  radar 
model  for  EX  SET 


Fig.  7:  Functional  analysis 

of  the  EXSET  radar  model 
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Fig.  8;  Simplified  block  diagram  of  the  advanced  flight  simulation 
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equipment 


SIMULATION 

EQUIPMENT 


Fig.  9:  Block  diagram  of  the  TF-closed  loop  simulation 


Fig.  11:  Comparison  flight  test  -  TF-simulation 
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CRITERES  POUR  L’EVALUATION  DES  PERFORMANCES  DE  PORTEE  EN  INTERCEPTION  AIR/AIR 

par 

P.Ramstein 
THOMSON-CSF 
165—173  Avenue  P.Brossoletle 
92120  Mont  rouge 
France 


RESUME 

Lcs  performances  de  portee  d‘un  radar  sonl  en  general  donnees  soit  pour  une  probability  de  detection  en  un  balayagc 
egale  a  50%,  soit  pour  une  probahilite  de  detection  cumulee  egale  a  85%  ou  90%,  dependant  de  la  vitesse  de  rapprochement 
de  la  cible  et  de  la  duree  d  un  cycle  de  balayage.  Ces  valeurs  n'offrent  cependant  qu’unc  information  incomplete  sur  les 
performances  operationnelles  en  interception. 

Une  information  plus  complete  pent  ctrc  obtenue  en  considerant.  pour  une  cible  donnee,  la  probahilite  d’accrochagc. 
ou  mieux,  la  probahilite  d  accrochage  definitif,  c  est-a-dire  non  suivi  d  un  decrochage  a  grande  ou  moyenne  distance. 

La  communication  fait  part  d  une  methode  rapide  de  calcul  de  ces  probability,  ce  qui  evite  Icmploi  dc  simulations 
statistiques.  Cette  methode,  fondec  sur  I  cmploi  des  chaines  de  Markov,  prend  en  compte  les  logistique  d  acquisition  et  de 
decrochage,  ainsi  que  les  probability  de  detection  en  un  passage. 

Des  exemples  sont  presentes,  montrant  comment  optimiser  la  vitesse  de  balayage  et  permettant  de  comparer  des  modes 
avec  et  sans  agilite  de  frequence  d  emission.  Enfin.  une  discussion  cst  effecluee,  visant  a  definir  le  critere  d  evaluation  1c 
mieux  adapte  a  une  situation  operationnclle  donnee. 
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14.  Abstract 

Radar  is  still  the  most  important  sensor  in  military  aircraft.  A  number  of  important  features 
make  radar  superior  to  optical  systems  and  other  sensors: 

—  long  range  performance 

—  penetration  of  weather  (fog,  clouds). 

—  range  and  doppler  estimation. 

—  flexibility  due  to  electronic  beam  steering, 

—  various  signal  processing  routines. 

—  high  resolution  imaging  (SAR), 

Different  tasks  such  as  target  search,  tracking  and  missile  guidance  can  be  fulfilled  by  radar. 
In  a  military  aircraft,  additional  tasks  such  as  terrain  following  and  avoidance,  mapping, 
doppler  navigation  and  SAR  imaging  may  be  required.  Since  most  of  the  output  data  is 
combined  on  a  single  on-board  computer,  the  question  of  which  radar  functions  should  be 
integrated  and  at  what  level  arises.  Reducing  size,  weight,  cost  and  power  consumption  are 
particular  goals  for  commonality  in  airborne  radar  systems. 

T  his  symposium  brought  together  specialists  in  the  various  fields  of  radar  technology  w  ho 
discussed  and  presented  the  state-of-the-art  in  multifunction  radar.  New  concepts  for  the 
design  of  future  radar  systems  were  emphasized. 
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